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ABSTRACT 


Title  of  Dissertation:  SPECTROSCOPIC  STUDY  OF  NEON  Z-PINCH  PLASMA  FOR 

SODIUM-NEON  PHOTOPUMPING  EXPERIMENTS 

Benjamin  Lawrence  Welch,  Doctor  of  Philosophy,  1991 

Dissertation  directed  by:  Hans  R.  Griem,  Professor,  Department  of 

Physics 


Spectroscopic  measurements  were  made  of  neon  Z-pinch  plasmas  to 
establish  conditions  appropriate  for  sodium-neon  photopumping. 
Emissions  of  soft  X-rays,  extreme  ultraviolet  (XUV),  and  near  ultra¬ 
violet  (NUV)  were  measured.  Plasma  electron  temperatures  and 
densities  were  determined  by  comparing  measurements  with  steady-state 
and  time-dependent  atomic-physics  models. 

Temporal,  spacial,  and  spectral  resolutions  were  required  to 
characterize  the  imploded  plasmas.  Two  successive  implosions  are 
observed.  At  the  first  Implosion,  the  plasma  radiates  soft  X-rays 

from  localized  regions  (<  0.5  mm  diam)  and  XUV  from  a  1-mm  diameter 

20  -3 

plasma  with  densities  of  0.8  -  3  x  10  cm  .  At  the  second 

implosion,  Ne  VIII  lines  (NUV)  are  emitted  from  a  3.5-mm  diameter 

18  -3 

plasma  with  a  density  of  6  x  10  cm  .  Temperatures  determined  from 
time-resolved  Ne  VII,  Ne  VIII,  and  Ne  IX  spectral  measurements  are  200 
to  300  eV  at  the  first  implosion  and  60  to  100  eV  at  the  second 


iii 


implosion.  The  absolute  intensity  and  Stark-broadened  width  of  the  Ne 
2  2 

VIII  Is  3s-ls  3p  transitions  were  used  to  estimate  a  Ne  IX  ground- 
state  fraction  of  70X  at  the  second  implosion. 

Dependences  of  plasma  emissions  on  the  magnitude  and  risetime  of 
the  current  and  on  the  initial  mass  loading  were  investigated.  Peak 
currents  of  120  to  300  kA  and  1-ys  to  50-ns  risetime  were  used  to 
implode  a  1-cm  diameter  neon  gas  puff.  As  the  driving  current  is 
increased,  the  volume  of  plasma  emitting  soft  X-rays  increases,  but 
this  volume  is  only  a  small  fraction  of  the  total  plasma,  which 
radiates  in  the  XUV.  With  a  fast-risetime  current,  the  soft  X-ray- 
emitting  volume  decreases  and  a  more  uniform  plasma  is  produced, 
albeit  at  lower  temperature.  Mass  loadings  ranging  from  1.2  to  3.6 
Ug/cm  were  varied  by  adjusting  the  gas-puff  pressure.  Increasing  the 
mass  loading  decreased  the  temperature.  Adjustments  of  the  current, 
current  risetime,  and  mass  loading  can  be  used  to  produce  an 
appropriate  neon  plasma  for  sodium-neon  photopuroping. 
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SPECTROSCOPIC  STUDY  OF  NEON  Z-PINCH  PLASMA  F  OR 
SODIUM-NEON  PHOTOPUMPING  EXPERIMENTS 


Chapter  1 


INTRODUCTION 


Light  ^plification  by  Stimulated  Emission  of  Radiation  (LASER) 
vas  first  demonstrated  by  Theodore  Maiman  in  1960  using  an  ultra¬ 
violet  flashlamp  and  a  ruby  rod.  The  laser  (a  name  commonly  given  to 
the  source  of  this  radiation)  produces  intense,  coherent, 
monochromatic,  and  highly  directional  radiation.  The  variety  of  laser 
sources  as  well  as  their  applications  has  grown  steadily  since  that 
time.  Early  inventors  of  the  laser  could  not  have  envisioned  the 
numerous  and  diverse  applications  of  this  device.  Today,  we  see 
lasers  being  used  for  applications  ranging  from  exciting  discoveries 
on  the  frontiers  of  scientific  research  to  the  monotonous  task  of 
reading  bar  codes  at  the  grocery  store. 

New  applications  of  lasers  can  be  expected  if  the  energy  of  the 
lasing  photons  is  increased.  One  application  of  extreme  ultraviolet 
(XUV)  laser  radiation  of  particular  interest  is  the  microscopy  of 
living  biological  cells.  The  penetrating  characteristics  of  XUV 
radiation,  as  opposed  to  electrons,  make  possible  the  production  of 
time-resolved,  high-spatial-resolution  images  of  cells  in  their 
natural  fluid.  Tailoring  the  energy  of  the  radiation  to  that  which 
would  be  absorbed  by  carbon  but  transmitted  by  oxygen  in  water 
(referred  to  as  the  water  window)  would  permit  high  contrast  imaging 


Manuscript  approved  November  29,  1991. 


1 


of  organic  macromolecules .  In  addition,  the  coherence  of  an  XUV  laser 
would  make  it  possible  to  produce  three  dimensional  holograms  of 
living  biological  samples.^  Other  potential  applications  for  XUV 
lasers  include  lithography  for  Integrated  circuits  of  sub-micron 
dimensions,  X-ray  crystallography  where  phase  information  could  be 
used  to  determine  three  dimensional  electron  distributions,  and 
diagnostics  for  high-density  inertial-confinement-fusion  experiments. 

1.1  Extreme  Vacuum  Ultraviolet  Lasers 

The  natural  occurrence  of  an  energy  coincidence  in  characteristic 
radiation  from  helium-like  sodium  (Na  X)  and  helium-like  neon  (Ne  IX) 
provides  an  excellent  opportunity  to  create  a  population  inversion  in 
the  excited  levels  of  Ne  IX.  (Refs.  2,3)  A  partial  energy-level 
diagram  describing  this  system  is  given  in  Fig.  1.1.  If  radiation 
from  the  1s^(^Sq)-1s2p(^Pj^)  transition  of  Na  X  at  11.0027  A  is 
provided  in  copious  quantities,  it  can  be  used  to  photopump  Ne  IX  ions 
from  the  ground  sta*'''  to  the  n-4  excited  state  by  the 
1s^(^Sq)-1s4p(^Pj^)  transition  at  11.0003  A. (Ref.  4)  This  sodium 
flashlamp  can  create  a  population  inversion  in  the  ns4  levels  of  Ne  IX 
relative  to  the  n-2  and  n«3  levels.^  Then  this  population  inversion 
can  lead  to  amplified  stimulated  emission  of  the  3d(^D2)-4f (^F^) , 
2p(^Pj)-3d(^D2),  and  2p(^Pj)-4d(^D2)  transitions  at  230  A,  82  A,  and 
58  A  respectively,  in  nn  appropriately  prepared  neon  plasma.^  The 
present  investigation  of  neon  Z-pinch  implosions  was  carried  out  in 
order  to  create  a  high-  temperature  neon  plasma  suitable  for  such 
sodium-neon  photopumping. 

One  requirement  for  generating  XUV  laser  radiation  is  to  produce 
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He  -  like  No 
PUMP 


He- like  Ne 
LASANT 


FIG.  1.1.  Partial  energy-level  diagram  of  the  sodium-neon 
photopumping  system. 


and  maintain  a  population  inversion  between  the  upper  laser  level  (u) 
and  the  lover  laser  level  (1)  at  a  rate  which  allows  stimulated 
emission  to  take  place.  As  an  estimate  o£  the  power  required  for 
stimulated  emission,  consider  the  relationship  between  the  probability 
for  spontaneous  emission  and  the  probability  for  stimulated 
emission  given  by: 
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BnhV^ 


(1.1) 


which  was  derived  by  Einstein  from  thermodynamic  arguments.  This 
expression  states  that  the  rate  of  spontaneous  emission  increases  as 
the  cube  of  the  frequency  (v)  relative  to  the  corresponding  rate  of 
stimulated  emission.  Spontaneous  emission  is  a  competing  process  to 
stimulated  emission  in  that  it  relaxes  the  inverted  population 
distribution  required  for  stimulated  emission.  This  means  that  the 
rate  required  to  create  the  population  inversion  necessary  for  lasing 
becomes  increasingly  larger,  as  the  cube  of  the  photon  frequency. 
Combining  this  dependence  with  the  photon  energy  of  the  transition 
(hv),  we  conclude  that  the  power  required  to  create  and  maintain  an 
excited-state  population  for  a  laser  scales  as  the  fourth  power  of  the 
photon  energy.  To  illustrate  the  power  levels  involved,  a  visible 
light  laser  (3000  A)  may  require  a  pump  power  of  100  kV  to  maintain  a 
population  inversion,  while  the  required  pumping  power  for  an  XUV 
laser  (100  A)  may  approach  100  GV.(Ref.  7) 

The  gigawatt  power  level  required  to  produce  substantial  gain  for 
an  XUV  laser  necessitates  the  use  of  some  type  of  pulsed  system. 
Typically,  existing  XUV  lasers  use  pulsed  electrical  energy  to  pump  a 
visible  or  infrared  laser,  and  this  laser  output  is  used  to  create  an 
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XUV  laser  plasma.  Here  an  electrical  discharge  drives  a  flashlamp, 
which  produces  population  inversion  in  the  visible  (infrared)  laser 
medium  on  a  slow  timescale,  and  a  visible  (infrared)  laser  pulse  is 
produced  on  a  short  timescale  by  means  of  an  optical  switch.  This 
approach  has  been  used  to  produce  up  to  10  TW  of  power  and  to 

p 

successfully  drive  XUV  lasers.  This  approach  has  a  rather  low 
efficiency  due  to  the  various  stages  involved,  and  efforts  are  being 
made  to  couple  electrical  energy  more  directly  to  the  XUV  lasing 
medium. 

1.2  Pulsed  Power 

One  technique  for  coupling  stored  electrical  energy  more  directly 
to  a  lasing  medium  is  to  use  a  Z-pinch  discharge  to  produce  soft  X- 
rays  which  in  turn  directly  photopump  the  lasing  medium.  Here,  the 
electrical  energy  is  delivered  to  a  cylindrically  symmetric  load  which 
implodes  on  axis  due  to  the  magnetic  force  on  the  load  arising  from 
the  current  carried  by  the  load.  For  megampere  level  currents, 
resistive  heating,  implosion  kinetic  energy,  and  magnetic  pressure  on 
the  load  can  produce  a  high-density  high- temperature  plasma  and  a 
large  fraction  of  the  energy  coupled  to  the  plasma  can  be  converted 
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into  soft  X-rays.  For  line-coincidence  photopumping,  high  conversion 
efficiencies  can  be  expected  because  every  absorbed  photon  leads  to  an 
upper-level  excited-state  ion.  If  the  electrical  energy  can  be 
delivered  in  a  sufficiently  fast  power  pulse,  stimulated  emission  will 
dominate  radiative  decay.  In  that  case,  the  ratio  of  the  lasing 
photon  energy  to  the  photopumping  photon  energy  will  be  the  efficiency 
with  which  the  absorbed  energy  is  converted  into  lasing  energy. 
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Pulsed  power  technology  has  been  used  to  produced  devices  which 
are  capable  of  tremendous  electrical  power  pulses  emd  hold  the  promise 
of  becoming  even  more  compact  and  efficient.  The  development  of  oil- 
filled  Marx  generators  coupled  to  water-dielectric  transmission  lines 
has  enabled  electrical  power  pulses  of  30  TV  to  be  produced.  Research 
in  plasma  opening  switches  is  being  carried  out  in  hopes  of  producing 
inductive  storage  devices  capable  of  similar  level  power  pulses 
without  massive  oil-  and  water-filled  systems. Although  still 
developmental,  an  inductive-storage  generator  coupled  to  a  Z-pinch 
radiation  source  has  the  potential  to  be  a  compact  and  efficient  power 
supply  for  a  photopumped  XUV  laser. 

1.3  Motivation  and  Goals  of  the  Present  Work 

Experiments  using  the  Gamble  II  pulsed  power  generator  at  the 
Naval  Research  Laboratory  (NRL)  have  demonstrated  sodium/neon 

4 

photopumping.  In  these  experiments  a  1-MA  main  current  pulse  was 

used  to  implode  a  sodium-fluoride  Z-pinch  load,  and  a  fraction  of  the 

current  pulse  returning  to  ground  (about  200  kA)  was  used  to  implode  a 

parallel  neon  gas-puff  Z-pinch.  A  sodium  pump  power  in  this 

experiment  of  25  GV  was  sufficient  to  observe  an  enhancement  of  the 

12 

photopumped  level  in  the  nearby  neon  plasma.  A  schematic  diagram  of 

the  experiment  is  given  in  Fig.  1.2.  To  achieve  amplified  stimulated 

emission,  research  efforts  are  underway  to  improve  both  the  sodium 

radiation  source  and  the  neon  lasant.  Larger  power  for  the  11-A 

sodium  line  radiation  is  needed  to  achieve  appreciable  gain  in  the 

neon  plasma.  The  sodium-fluoride  source  has  been  modified  and  fielded 

13 

on  a  3-MA  pulsed  power  generator.  Also  a  pure  sodium  source  has 
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1.2.  Schematic  diagram  of  the  Gamble  II  photopumping  experiment. 
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been  developed  and  used  on  3-HA  and  10-MA  generators, 
the  11-A  sodium  line  exceeding  100  GV  has  been  achieved  at  3  HA  and 
exceeding  200  GW  at  10  HA.^^ 

A  quantitative  investigation  of  neon  gas-puff  implosions  is 
needed  to  determine  the  experimental  parameters  required  to  produce  a 
neon  plasma  in  a  state  appropriate  for  photopumping.  The  relatively 
slow  repetition  rate  (1-4  shots/day)  and  harsh  electromagnetic 
environment  of  large  pulsed  power  devices  makes  it  difficult  to  carry 
out  detailed  quantitative  measurements  on  such  a  neon  plasma.  Also, 
the  current  required  to  produce  an  appropriate  neon  plasma  is  only  a 
few  hundred  kiloamperes.  Therefore,  a  small  capacitor-discharge 
device  was  developed  and  used  to  study  implosions  of  neon  gas  puffs  as 
used  in  the  sodium/neon  photopumping  experiments  on  Gamble  II.  A 
photograph  of  the  experimental  test  stand  is  given  in  Fig.  1.3. 

1.3.1  Neon  Implosions 

The  objective  of  producing  neon  gas-puff  Z-pinch  implosions  was 
to  determine  the  neon  plasma  conditions  present  in  the  photopumping 
experiments  on  the  Gamble  II  generator  and  to  estimate  the  Ne  IX 
ground-state  population.  In  the  sodium/neon  photopumping  experiments 
on  Gamble  II,  indication  that  the  sodium  11-A  radiation  photopumped 
the  neon  was  given  by  measurements  of  K-shell  X-ray  spectra  from  Ne 
IX.  These  spectra  showed  an  enhancement  of  the  11-A  radiation  from 
the  ns4  level  of  neon  when  the  sodium  pump  was  present.  For  the  25-GV 
pump  power,  theoretical  calculations  predict  various  levels  of 
enhanced  radiation  of  the  n*4  level  of  Ne  IX,  depending  on  the  neon 
plasma  conditions.^  The  present  investigation  was  carried  out  to 
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FIG.  1.3.  Photograph  of  the  experimental  setup  with  capacitor  banks 
on  the  left  and  the  grazing  incidence  spectrograph  in  the  foreground. 
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experimentally  determine  the  conditions  present  in  such  a  neon  plasma. 

Although  radiation  from  Ne  IX  can  be  used  to  determine 
photopumping,  radiation  from  Ne  VIII  is  better  suited  for  establishing 
the  conditions  required  for  photopumping.  The  excited  states  of  Ne 

VIII  are  more  closely  coupled  to  the  ground  state  of  Ne  IX  than  are 
the  excited  states  of  Ne  IX.  This  can  be  seen  from  the  energy-level 
diagram  in  Fig.  1.4.  Optimum  neon  plasma  conditions  would  maximize 
the  population  of  the  ground  state  of  Ne  IX  and  minimize  the 
population  of  the  excited  states  of  Ne  IX.  Emission  from  excited 
states  of  Ne  VIII  would  therefore  be  maximum  and  the  emission  from  Ne 

IX  would  be  minimal.  Spectral,  temporal,  and  spatially  resolved 
measurements  have  been  made  of  Ne  VIII  and  Ne  IX  emissions  from  neon 
gas-puff  Z-pinch  implosions  under  various  experimental  conditions. 
These  measurements  are  used  to  estimate  the  neon-plasma  conditions  and 
to  predict  optimum  conditions  for  photopumping. 

1.3.2  Plasma  Opening  Switch 

A  plasma  opening  switch  (POS)  was  used  to  drive  the  neon  gas-puff 
Z-pinch  implosion  in  order  to  approximate  the  fast-risetime  current 
pulse  used  in  photopumping  experiments  on  Gamble  II.  This  switch  was 
coupled  with  an  inductive-storage  circuit  to  produce  a  current  pulse 
similar  to  that  used  to  implode  the  neon  gas  puff  in  the  Gamble  II 
photopumping  experiments.  The  indue tlve-storage/POS  device  provided  a 
compact,  high-repetitlon-rate  test  stand  to  produce  the  neon  plasma; 
to  measure  the  plasma  properties  of  interest;  and  to  study  the  effects 
of  different  experimental  conditions  upon  the  dynamics  of  the 
implosion  and  the  properties  of  the  plasma.  Various  nozzle  designs. 
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FIG.  1. 
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.  Energy-level  diagram  of  Ne  IX  and  Ne  VIII. 
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neon  gas-puff  pressures,  and  currents  of  different  risetime  and 
magnitude  could  be  used. 
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Chapter  2 


ZUV  LASERS 


In  order  to  achieve  net  gain  over  a  length  L  in  a  lasing  medium, 
a  positive  gain  coefficient  G  is  required.  This  gain  coefficient 
represents  the  difference  between  the  absorption  and  stimulated 
emission  in  the  medium.  If  and  represent  the  corresponding 
upper-  and  lower-level  populations  and  and  the  induced 

emission  and  absorption  cross  sections,  then  the  gain  coefficient  can 
be  expressed  as: 


®1  **u 

®  “  **u"ind‘  ”l®abs  *  ’*'^0*^^  ’ 

®u 


1  - 


Ni/gil 


N  /g  , 
u  *u 


(2.1> 


where  r  is  the  classical  electron  radius,  g,.  and  g,  are  the  upper- 

O  U  X 

and  lower-level  statistical  weights,  f  is  the  absorption  oscillator 
strength,  and  Aw  is  the  (Lorentzian)  line  width  in  frequency  units.^^ 
For  a  medium  exhibiting  gain,  the  intensity  increases  as  exp(GL).  For 
lasers  operating  at  visible  wavelengths,  partially  reflecting  mirrors 
are  placed  at  the  ends  of  the  medium  to  define  a  resonant  cavity  for 
the  lasing  radiation.  The  effective  length  is  determined  by  the 
number  of  passes  the  light  makes  before  it  exits  the  cavity.  Because 
reflective  materials  become  less  efficient  at  higher  photon  energy, 
lasers  operating  in  the  XUV  energy  region  usually  do  not  use  a 
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resonant  cavity,  and  amplification  occurs  in  a  single  pass.  For  this 
reason,  the  term  Amplified  Stimulated  Emission  (ASE)  is  used  to 
describe  this  radiation.  Progress  has  been  made  in  producing  mirrors 

for  XUV  radiation  and  research  is  ongoing  to  produce  resonant  XUV 

.  .  18 
cavities. 

To  insure  a  positive  gain  coefficient,  the  inversion  criterion 
must  be  met: 


«u 

N  >  —  N,.  (2.2) 

«1 

Various  techniques  to  achieve  inversion  have  been  proposed,  and  three 
such  techniques  will  be  discussed.  A  number  of  review  articles  and  a 
text  have  been  written  giving  details  of  these  three  techniques  as 
well  as  others. 

2.1  Electron  Collisional  Excitation  and  Recombination 

Amplified  stimulated  emission  has  been  achieved  at  XUV  energies 
by  irradiating  targets  with  high-power  pulsed  optical  lasers  focused 
onto  a  line.  These  optical  lasers  produce  a  hot  dense  plasma  at  the 
interface  where  the  laser  strikes  the  target.  Depending  on  the  target 
material  and  the  parameters  of  the  incident  laser  pulse,  population 
inversion  is  generally  achieved  in  one  of  two  ways.  Electron 
collisional  excitation  can  selectively  populate  one  level  relative  to 
a  lower  level,  or  electron  collisional  recombination  of  a  cooling 
plasma  may  over-populate  upper  levels  of  an  ion  relative  to  lower 
levels  of  the  ion. 

One  of  the  most  successful  XUV  laser  schemes  uses  electron 
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collisional  excitation  to  populate  the  ns3  levels  o£  a  neon-like  ion. 

The  3s  and  3d  levels  have  allowed  transitions  to  the  2p  level,  however 

the  3p  level  is  metastable  with  respect  to  spontaneous  decay  to  the  2p 

level.  This  provides  a  mechanism  for  an  inversion  of  the  3p  level 

relative  to  the  3s  level.  Although  this  technique  could  lead  to 

inversions  in  all  ions  with  a  2p”  ground  state,  neon-like  ions  are 

most  attractive  because  their  closed-shell  configuration  is  relatively 

stable  over  a  wide  temperature  range.  Significant  gain  at  206.3  and 

209.6  A  from  3s-3p  transitions  in  neon-like  selenium  due  to 

collisional-excitation  pumping  was  demonstrated  in  1985.  [Ref.  8] 

Subsequently  ASE  was  observed  in  neon-like  ions  of  yttrium, 

21  22 

molybdenum,  and  strontium.  *  Other  researchers  have  reported  ASE 

in  neon-like  copper,  germanium,  zinc,  gallium,  and  arsenic.  *  An 

inversion  in  nickel-like  ions  by  collisional  excitation  has  also  been 

used  to  produce  ASE  in  nickel-like  ytterbium,  europium,  tantalum, 

25 

tungsten,  and  rhenium. 

Another  approach  to  achieve  ASE  at  XUV  energies  uses  electron 
collisional  recombination  to  create  a  population  inversion.  Electron 
collisional  recombination  is  a  "three  body"  process  involving  an  ion 
and  two  electrons.  The  second  "spectator"  electron  is  necessary  to 
conserve  energy  since  the  recombination  is  radiationless.  This  causes 
an  extra  electron-density  dependence  in  the  recombination  rate  as 
opposed  to  radiative  recombination.  For  high-density  recombining 
plasmas,  collisional  recombination  can  exceed  radiative  recombination. 
Collisional  recombination  leads  to  higher-level  quantum  states  as 
opposed  to  radiative  recombination.  Consequently,  population 
inversion  can  be  created  by  collisional  recombination  in  dense 
recombining  plasmas.  To  understand  this  pumping  mechanism,  it  is 
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convenient  to  recall  the  energy  level  n'  referred  to  as  the 
"collision  limit". (See  Eq.  A. 13.)  For  states  above  this  level, 
collisional  excitation  is  more  likely  than  radiative  decay,  and  these 
levels  are  closely  coupled  to  the  next  higher  ionization  stage.  For 
levels  below  this  level,  radiative  decay  is  more  likely,  and  these 
levels  are  coupled  to  the  ground  state  of  the  ion.  For  recombination 
into  levels  above  the  collision  limit,  collisional  mixing  exceeds 
radiative  decay;  therefore  these  levels  are  continuously  repopulated 
by  collisions.  For  levels  below  the  collision  limit,  radiative  decay 
dominates  and  tends  to  depopulate  the  lower  laser  level. 

Electron  collisional  recombination  pumping  has  been  used  to 
achieve  ASE  in  plasmas  that  are  produced  with  a  short  laser  pulse  and 
then  allowed  to  expand  freely  and  cool  quickly.  Evidence  of 
population  inversion  and  gain  due  to  collisional  recombination  has 

7 

been  reported  by  several  laboratories.  Gain  has  been  measured  for 

ns3  to  0^2  transitions  in  hydrogen-like  carbon,  oxygen  and 
26*32 

fluorine.  ~  Gain  has  also  been  measured  for  nc4  to  0^3  transitions 

33*36 

in  lithium-like  oxygen,  aluminum,  silicon,  and  chlorine.  ~  Gain 

has  been  reported  for  higher-energy  transitions  from  0^5  to  n=3  levels 

in  lithium-like  ions  of  aluminum  and  sulfur.  ’  One  notable 

exception  to  the  use  of  short-pulse  lasers  is  the  technique  developed 

39 

at  Princeton  University.  Here,  a  long  pulse  CO^  laser  is  used  to 
heat  a  carbon  plasma  through  the  hydrogen-like  state;  then  the  plasma 
is  allowed  to  cool  as  it  is  confined  in  a  theta  pinch.  As  the  plasma 
recombines,  cascading  electrons  populate  the  3d  level  prior  to  the  2p 
level  thereby  producing  an  inversion.  ASE  of  the  2p-3d  transition  in 
hydrogen-like  carbon  at  182  A  has  been  reported. 
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2.2  Rei^rnant  Photopuaping 


Another  method  to  produce  population  inversion  is  to  selectively 
populate  an  upper  level  relative  to  a  lover  level  by  photopumping 
electrons  from  a  third  even  lover  level Several  coincidences  of 
characteristic  X-ray  energies  and  energy-level  differences  in 

1  /  *x 

particular  ions  have  been  proposed  for  resonant  photopumping.  ’  One 

2  1 

attractive  coincidence  is  the  Na  X  Is  -ls2p  (  P^)  transition  at 
11.0027  A  and  the  Ne  IX  ls^-ls4p  transition  at  11.0003  A.  This 

match  is  particularly  attractive  for  three  reasons.  First,  the  energy 
match  is  excellent  (2  parts  in  10^).  Broadening  of  the  sodium  pump 
line  is  expected  to  be  larger  than  this  energy  difference  so  that  the 
pump  line  profile  should  include  the  Ne  IX  absorption  line  profile. 
Second,  the  pump  line  is  the  resonance  line  of  Na  X  (helium-like 
sodium).  It  is  therefore  the  strongest  line  in  the  Na  X  spectrum,  and 
that  ionization  state  is  present  over  a  large  temperature  range. 

Third,  photopumping  of  Ne  IX  by  this  technique  can  lead  to 
overpopulation  of  the  n«4  level  relative  to  the  n=2  and  n»3  levels, 
vhich  depopulate  rapidly  to  the  n^l  level.  This  provides  a  mechanism 
by  vhich  population  inversion  can  be  sustained. 

The  sodium/neon  photopumping  scheme  requires  an  intense  source  of 
the  11-A  sodium  radiation,  analogous  to  the  "flashlamp"  in  the  ruby 
laser.  The  sodium  plasma  must  be  produced  under  conditions  vhich 
optimize  the  intensity  of  the  sodium  pump  radiation  in  the  energy 
region  of  the  Ne  IX  absorption.  Also  a  neon  lasant  must  be  produced 
simultaneously  in  close  proximity  to  the  sodium  pump.  The  neon  plasma 
conditions  must  be  adjusted  to  optimize  absorption  of  the  11-A  sodium 
pump  radiation  and  to  minimize  the  Ne  IX  excited*>state  populations. 
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thereby  achieving  maximum  population  inversion  when  the  neon  plasma  is 

photopumped.  Extensive  theoretical  analysis  has  been  devoted  to 

5  44-47 

establishing  the  appropriate  conditions  for  these  plasmas.  ’ 

These  analyses  place  restrictions  on  the  temperature,  density,  and 
dimensions  of  the  two  plasmas.  Since  the  conditions  required  for  the 
sodium  and  neon  plasmas  are  quite  different,  they  will  be  discussed 
separately.  Then  comparisons  will  be  made  with  previous  analyses. 

2.2.1  Neon  Plasma 

For  the  neon  plasma,  the  temperature  is  constrained  by  the 

requirement  that  the  Ne  IX  ground-state  population  be  maximum  while 

the  Ne  IX  excited-level  populations  be  as  small  as  possible, 

particularly  the  n=2  and  n=3  levels.  The  atomic-physics  model  most 

appropriate  for  determining  the  level  populations  depends  on  the 

density  of  the  plasma.  The  relationship  between  the  principal  quantum 

number  and  the  minimum  electron  density  for  partial  LTE  (Eq.  A. 11)  is 

plotted  in  Fig.  2.1,  along  with  a  similar  plot  of  the  collision  limit 

(Eq.  A. 13)  for  a  neon  plasma  at  a  temperature  of  75  eV.  If  the 

19  -3 

electron  density  is  above  6  x  10  cm  ,  then  the  n»4  level  of  Ne  IX 
can  be  expected  to  be  in  partial  LTE  with  respect  to  all  higher  levels 
and  collisions  dominate  the  rate  processes.  For  densities  between  6  x 
10^^  and  10^^  cm“^,  both  collisional  and  radiative  processes  influence 
the  level  populations,  and  both  must  be  included  by  invoking  a 
collisional-radiative-equilibrium  (CRE)  model.  For  plasmas  with  an 
electron  density  below  10  cm”  ,  collisional  excitation  is  balanced 
by  radiative  decay,  and  the  n«4  level  can  be  expected  to  be  in  coronal 
equilibrium  with  respect  to  the  ground  state. 
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FIG.  2.1.  Condition  for  partial  LIE  (solid)  and  collision  limit 
(dashed)  for  Ne  IX  at  75  eV. 
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For  a  coronal  equilibrium  model,  the  temperature  dependence  of 

the  fractional  abundance  of  the  various  ionization  states  is  presented 

in  Fig.  2.2. [Ref.  48]  Here,  electron  collisional  ionization  is 

balanced  with  radiative  and  dielectronic  recombination.  As  the 

temperature  increases,  the  population  fraction  of  succeedingly  higher 

ionization  stages  is  maximized.  The  Ne  IX  ion  exists  over  a 

relatively  large  temperature  range  because  the  energy  difference 

between  the  ground  state  (n-l)  and  the  n-2  level  of  Ne  IX  is  much 

larger  than  the  ionization  energy  of  Ne  VIII.  At  a  temperature  of  50 

eV,  the  fractional  abundances  of  Ne  VI,  Ne  VII,  Ne  VIII,  and  Ne  IX  are 

approximately  25X  for  all  four  ionization  states.  For  temperatures 

above  75  eV  the  population  fraction  of  Ne  IX  is  90X  and  remains  above 

90X  until  the  temperature  exceeds  200  eV.  Above  300  eV  the  fractional 

abundance  of  Ne  X  begins  to  dominate.  The  upper  limit  on  the 

temperature  of  the  neon  plasma  is  not  determined  by  the  fractional 

abundance  of  the  Ne  IX  ions,  but  by  excitation  of  the  n-r2  and  n«3 

levels  of  Ne  IX.  Excitation  of  these  levels  reduces  the  inversion 

ratio.  Since  collisional  excitations  are  balanced  by  radiative  decay, 

populations  of  the  excited  levels  can  be  determined  from  the  ratio  of 

the  collisional  excitation  rate  and  the  radiative  rate  according  to 

Eq.  A. 15.  The  temperature  dependence  of  the  ratios  of  the  populations 

of  the  2p,  3p,  and  4p  levels  of  Ne  IX  to  the  Ne  IX  ground-state 

19  -3 

population  is  given  in  Fig.  2.3  for  an  electron  density  of  10  cm  . 
The  relative  population  of  the  2p  level  increases  by  three  orders  of 
magnitude  from  50  to  175  eV.  This  increase  puts  an  upper  limit  on  the 
temperature  for  an  optimum  neon  plasma. 

19  -3 

For  higher-density  plasmas,  (  >  6  x  10  cm  )  the  ionization 
balance  is  determined  by  a  combination  of  the  Saha  equation  (Eq.  A. 8) 
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FIG.  2.2.  Neon  ionization-state  fractions  from  the  coronal 
equilibrium  model.  Population  fractions  for  Ne  III  through  Ne  X  are 
given  as  a  function  of  temperature. 


21 


4 


Temperature  (ev) 


FIG.  2.3.  Temperature  dependence  of  Ne  IX  excited  state  population 
fractions  from  coronal  equilibrium  model  (ls2p-solid|  ls3p-dotted,  and 
ls4p-dashed). 
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and  charge  neutrality.  The  Saha  equation  is  used  to  relate  one 

ionization  state  to  the  next  higher  ionization  state.  Charge 

neutrality  relates  the  various  ionization-state  populations  to  the 

electron  density.  The  graph  in  Fig.  2.4  illustrates  the  temperature 

dependence  of  the  ratio  of  the  Ne  IX  to  Ne  VIII  populations,  for  an 

19  —3 

electron  density  of  6  x  10  cm  .  At  this  density,  the  n»4  level  of 

Ne  IX  is  expected  to  be  in  partial  LTE  with  respect  to  all  higher 

levels.  The  Ne  IX  and  Ne  VIII  populations  are  approximately  the  same 

at  about  30  eV,  while  above  50  eV  the  plasma  is  over  90X  Ne  IX.  The 

ratio  of  the  Ne  IX  to  Ne  VIII  populations  continues  to  increase  with 

temperature  because  the  Ne  VIII  population  decreases.  To  determine  an 

upper  limit  on  the  temperature  which  maximizes  the  Ne  IX  fraction  the 

ratio  of  Ne  X  to  Ne  IX  is  needed.  However,  this  ratio  does  not 

determine  the  upper  limit  on  the  neon  temperature  for  photopumping  a 

neon  plasma.  This  temperature  Is  limited  by  collisional  excitation  of 

excited  levels  of  Ne  IX  which  tends  to  reduce  any  inversion  by 

populating  the  lower  lasing  levels  directly  and  by  reducing  the 

ground-state  fraction  and  thereby  the  ions  to  be  photopumped.  The 

relative  population  of  Ne  IX  excited  levels  compared  with  the  total  Ne 

IX  population  can  be  determined  from  the  Boltzmann  relation  (Eq.  A. 6). 

The  temperature  dependence  of  the  2p,  3p,  and  4p  levels  of  Ne  IX 

relative  to  the  total  Ne  IX  population  is  given  in  Fig.  2.5  for  an 
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electron  density  of  6  x  10  cm  .  The  population  fraction  of  the  2p 
level  increases  more  than  two  orders  of  magnitude  from  70  to  135  eV. 
Temperatures  below  this  increase  are  preferred  for  photopumping. 

The  density  of  the  neon  plasma  is  constrained  by  collisional 
mixing  of  the  photopumped  level.  The  upper  limit  must  not  be  so  large 
as  to  cause  collisional  mixing  of  the  n-4  level  with  higher  levels  of 
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FIG.  2.4.  Ratio  o£  Ne  IX/Ne  VIII  populations  from  the  Saha  equation 
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for  an  electron  density  of  6  x  10  cm  . 
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FIG.  2.5.  Temperature  dependence  of  Ne  IX  excited-state-population 
fractions  from  the  Boltzmann  relation  for  an  electron  density  of  6  x 
10  cm  (ls2p-solid,  ls3p-dotted,  and  ls4p-dashed) . 
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Ne  IX  and  thereby  destroy  the  inversion.  The  density  for  which 

collisions  dominate  the  population  processes  between  the  n«4  level  and 

higher  levels  can  be  estimated  from  the  condition  for  partial  LTE. 

Referring  to  Fig.  2.1,  we  see  that  partial  LTE  exists  for  the  n>4 
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level  for  an  electron  density  greater  than  6  x  10  cm  .  Above  this 

density  considerable  depopulation  of  the  photopumped  level  by 

collisions  to  higher  levels  is  expected.  For  electron  densities  above 
20  -3 

8  X  10  cm  the  n^S  level  is  in  partial  LTE.  These  densities  serve 

as  upper  limits  for  the  neon  plasma  density  to  maintain  population 

inversion  in  the  corresponding  levels.  However,  collisions  among  the 

ns4  levels  are  desirable  since  electrons  pumped  to  the  ls4p  level  must 

be  collisionally  transferred  to  the  ls4d  and  ls4f  levels  for  lasing  to 

occur.  The  collisional  excitation  rate  between  different  n»4  levels 

can  be  estimated  using  Eq.  A. 16.  For  the  Is4s-ls4p  transition,  an 

oscillator  strength  of  f«0.13  and  an  energy  difference  of  0.8  eV  is 

used  to  determine  this  rate.^^’^®  For  temperatures  of  50  to  150  eV, 

-7  3 

the  collisional  rate  coefficient  is  2  -  3.5  x  10  cm  /s.  For  an 

19  3 

electron  density  of  10  cm”  ,  the  collisional  excitation  rate  is  2 
12  1 

-3.5  X  10  s“  .  This  rate  is  a  factor  of  ten  larger  than  the 
collisional  excitation  rate  to  the  n=5  level  (2  x  10^^  s  or  the 

radiative  decay  rate  to  the  Is  level  (2  x  10  s  ).  Collisional 
transfer  amoung  the  n«4  levels  occurs  at  a  much  faster  rate  than 
collisional  transfer  to  the  n«5  level.  For  electron  densities  below 
10^^  cm~^,  spontaneous  decay  begins  to  compete  with  collisional 
transfer  between  the  n>4  levels. 

A  restriction  on  the  product  of  the  density  and  depth  of  the  neon 

plasma  is  that  it  be  large  enough  so  that  the  pump  radiation  is 

2 

absorbed  but  not  so  large  that  there  is  trapping  of  the  Is  -ls2p  and 
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Is  -ls3p  radiations  vhich  inhibits  depopulation  of  the  2p  and  3p 
levels.  By  combining  this  restriction  vith  the  limits  on  the  density 
from  collisional  mixing,  limits  on  the  physical  depth  (or  diameter)  of 
the  neon  plasma  can  be  determined.  The  optical  depth  is  calculated 

from  Eq.  A. 18  for  oscillator  strengths  of  0.72,  0.15,  and  0.056  for 

2  2  2  50 

the  Is  -ls2p.  Is  -ls3p.  Is  -ls4p  transitions,  respectively.  The 

physical  depth  corresponding  to  an  optical  depth  of  unity  (at  an  ion 
18  -3 

density  of  10  cm  )  is  plotted  as  a  function  of  temperature  in  Fig. 

2 

2.6  for  these  transitions.  For  a  temperature  of  75  eV,  the  Is  -ls4p 

transition  has  an  optical  depth  of  unity  for  a  physical  depth  of  300 

2 

ym.  An  optical  depth  of  five  is  acceptable  for  the  Is  -ls2p  and 
2  51 

Is  -ls3p  transitions.  Then,  plasma  diameters  of  400  ym  and  2400  ym 

are  allowed.  Thermal  gradients  and  streaming  velocities  could  relax 

44  52  53 

these  restrictions  and  allow  larger  maximum  depth.  ’  ’ 

For  a  Z-plnch  with  constant  mass  per  unit  length,  the  scaling  of 

the  optical  depth  depends  on  the  relative  importance  of  Doppler 

broadening  and  Stark  broadening  (see  Appendix  A. 2. 2).  For  a 

cylindrical  geometry  with  constant  mass  per  unit  length,  the  density 

2 

is  inversely  proportional  to  the  square  of  the  radius  (1/r  ),  and  the 
density-radius  product  is  inversely  proportional  to  the  radius  (1/r). 
For  a  Doppler  broadened  line,  the  peak  intensity  of  a  normalized  line- 
shape  function  is  independent  of  density;  therefore  the  optical  depth 
at  line  center  is  inversely  proportional  to  the  radius  (1/r).  For  a 
Stark-broadened  line,  the  peak  Intensity  of  a  normalized  line-shape 
function  is  approximately  inversely  proportional  to  the  line  width. 

In  situations  where  the  Stark  broadened  line-width  is  linearly 
proportional  to  the  electron  density,  the  optical  depth  scales 
linearly  with  radius  and  is  independent  of  density.  Therefore, 
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FIG.  2.6.  Physical  depth  of  a  neon  plasma  at  an  ion  density  of  10 
cm  for  an  optical  depth  of  unity  for  transitions  in  Ne  IX. 


until  Stark  broadening  exceeds  Doppler  broadening,  the  optical  depth 

increases  with  decreasing  radius  as  1/r  and  then  decreases  linearly 

with  radius  for  small  radius.  To  estimate  the  density  at  vhich  the 

change  in  scaling  with  radius  occurs,  Doppler  and  Stark  broadening 

widths  must  be  determined.  The  Doppler  full-width  at  half-maximum 
2 

(FVHM)  of  the  Is  -ls2p  transition  for  a  neon  ion  at  100  eV  is  0.15  eV 

based  on  Eq.  A. 19.  Stark  widths  of  Ne  IX  transitions  were  estimated 

by  scaling  Stark-profile  calculations  of  the  resonance  lines  of 

helium-like  argon. These  profiles  result  in  a  0.7-eV  Stark  FWHM  of 
2 

the  Is  -ls2p  transition  due  to  quasistatic  ion  fields  and  electron 

collisions  at  a  density  of  10'^  cm~  .  The  Stark  width  was  determined 

by  unfolding  a  Doppler  width  of  1.1  eV  from  a  total  width  of  1.5  eV 

for  the  argon  transition.  A  semiclassical  estimate  of  Stark 

broadening  indicates  that  the  width  scales  inversely  with  the  square 

of  the  ion  charge. Scaling  from  argon  to  neon  (2^9)  gives  a 

FVHM  of  2.5  eV  for  the  Ne  IX  ls^-ls2p  transition  at  10^^  cm“^.  This 

width  is  more  than  an  order  of  magnitude  larger  than  the  Doppler  width 

2/3 

(0.15  eV).  The  Stark  width  scales  as  or  ,  where  is  the 

electron  density,  depending  on  the  importance  of  electron-collisional 

54 

and  quasistatic  ion-field  contributions.  These  scalings  indicate 

22  -3 

that  electron  densities  of  2  -  6  x  10  cm  produce  a  Stark  width 

equal  to  the  Doppler  width  for  a  temperature  of  100  eV.  According  to 

54  2 

the  argon  calculations,  the  width  of  the  Is  -ls4p  transition  is 

2 

similar  to  the  width  of  the  Is  -ls2p  transition  if  the  electron 

density  is  a  factor  of  20  smaller.  Therefore,  for  electron  densities 

21  -3 

appropriate  for  the  neon  lasant,  i.e.,  less  than  10  cm  ,  Doppler 

2  2 

broadening  dominates  the  line  widths  of  the  Is  -ls2p  and  Is  -ls4p 

2 

transitions.  For  the  Is  -ls3p  transition,  the  Stark  width  scales  as 
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Ng  (Ref.  54)  and  is  equal  to  the  Doppler  width  for  an  even  lover 
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electron  density  of  5  x  10  cm  . 

Calculations  using  a  collisional-radiative  equilibrium  (CRE) 

model  have  established  the  plasma  conditions  necessary  for  optimal 

gain  for  the  sodium/neon  system.^  The  sodium  pump  line  intensity  was 

assumed  to  be  similar  to  that  measured  in  experiments  at  the 

University  of  Rochester,  namely  the  equivalent  of  a  227-eV  blackbody. 

The  neon  plasma  was  assumed  to  be  small  enough  that  photon  trapping 

2 

into  the  lover  lasing  level  was  not  a  problem.  For  the  Is  -ls2p 
transit  on  this  required  a  depth  d  of  neon  such  that: 

■j  in20 

, ^.,^3. ox  10 

d(um)  <  - —  ,  (2.3) 

Nj(cm 

where  Nj  is  the  ion  density.  This  depth  could  be  six  times  larger  for 
the  Is  -ls3p  transition.  The  radiative  transport  and  rate  equations 
are  then  solved  for  steady-state  conditions.  Gain  coefficients  of 
over  100  cm~^  were  determined  from  the  computed  densities  of  the  upper 
and  lower  states.  The  density  dependence  of  the  gain  coefficient  was 
calculated  for  the  3d(^D)-4f (^F)  transition  at  230  A,  for  the 
2p(^P)-4d(^D)  transition  at  58  A,  and  for  the  2p(^P)-3d(^D)  transition 
at  82  A.  In  all  cases  the  gain  is  less  than  a  purely  radiative  plasma 
because  with  collisions,  there  is  increased  ionization  of  Ne  IX  from 
the  n-4  level,  which  is  only  69  eV  from  the  Ne  X  ground  state.  For  a 
temperature  of  65  eV,  peak  gain  coefficients  for  these  three 
transitions  occur  at  ion  densities  of  10  cm  ,  5  x  10  cm  ,  and 
10^®  cm“^,  respectively.  For  higher  densities  collisional  mixing 
begins  to  spoil  the  inversion  of  the  n=4  to  n=3  level  first,  chen  the 
n«4  to  n-2  level,  and  last  the  n«3  to  n.2  level.  Abrupt  decreases  in 
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the  gain  for  these  transitions  occur  at  ion  densities  greater  than  2  x 
19  20  20  -3 

10  ,10  ,  and  2  x  10  cm  ,  respectively.  The  temperature 

dependence  of  the  gain  coefficient  vas  calculated  for  the  82-A 

20  -3 

transition  for  an  ion  density  of  10  cm  .  Peak  gain  is  achieved  at 
a  temperature  of  50  eV.  This  temperature  is  much  less  than  the 
temperature  for  maximum  Ne  IX  fractional  population,  as  shown  in  Fig. 
2.2,  because  with  collisions  there  is  increased  ionization  from  the 
n=4  photopumped  level.  This  can  be  seen  in  Pig.  2.7,  where  the 
population  fractions  for  Ne  IX,  Ne  X,  and  Ne  XI  obtained  from  the 
model  which  includes  photopumping  are  compared  with  those  from  the 
coronal  model. 

2.2.2  Sodium  Plasma 

The  plasma  conditions  for  the  sodium  flashlamp  require  maximum 

2 

emission  of  the  Na  X  Is  -ls2p  transition  in  the  region  of  neon 
absorption.  This  emission  is  maximum  for  a  sodium  plasma  temperature 
corresponding  to  maximum  population  of  the  Na  X  ls2p  excited-state 
population.  As  previously  discussed,  the  helium-like  state  is 
relatively  stable  over  a  large  temperature  range.  Coronal  equilibrium 
calculations  for  neon  indicate  that  temperatures  ranging  from  55  to 
325  eV  produce  a  plasma  with  greater  than  50X  helium-like  ions,  and 
for  temperatures  in  the  75  to  200  eV  range  the  helium-like  fraction  is 
greater  than  90X.  A  similar  behavior  is  expected  for  sodium  except 
the  temperatures  are  slightly  higher  due  to  the  higher  charge  state. 
Excitation  of  the  Na  IX  ls2p  level  is  estimated  from  either  coronal 
and  Saha  relations  depending  on  the  density.  For  electron  densities 
below  the  collision  limit  of  the  n-2  level  of  Na  X  (ie.  10^^  cm  ^), 
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FIG.  2.7.  Ionization-state  fractions  for  Ne  IX,  Ne  X,  and  Ne  XI  with 
(dashed)  and  without  (solid)  photopumping. 
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coronal  equilibrium  should  be  used  to  estimate  the  population  of  the 
ls2p  level.  The  increase  in  the  excitation  rate  of  the  Na  X  ls2p 
level  with  temperature  is  partially  cauicelled  by  the  decrease  in 
ionization-state  fraction  above  200  eV,  and  the  Na  X  ls2p  level 
population  rises  slowly  up  to  this  temperature. 

The  major  restriction  on  the  density  of  the  sodium  plasma  arises 
from  line  broadening  of  the  Na  X  Is  -ls2p  transition.  Some  broadening 
is  desirable  to  account  for  the  energy  mismatch  (0.25  eV)  between  the 
sodium  and  neon  transitions.  However,  increasing  the  sodium  density 
so  that  the  half-width  at  half-maximum  of  the  pump  line  is  larger  than 
the  energy  mismatch  exceeds  the  point  of  increasing  returns.  An 
estimate  of  the  Stark  width  of  the  Na  X  Is  -ls2p  transition  can  be 
made  by  scaling  the  calculations  for  argon. For  a  Stark  width  equal 

23  _3 

to  the  energy  mismatch,  an  electron  density  greater  than  10  cm  is 
required.  Below  this  density,  the  shape  of  the  pump  line  is 
determined  by  Doppler  broadening,  which  gives  a  0.3-eV  full-width  at 
half-maximum  (at  300  eV). 

Line  broadening  also  limits  the  depth  of  the  sodium  plasma  due  to 
opacity.  An  optical  depth  greater  than  unity  is  acceptable,  if  not 
desirable  in  order  to  account  for  the  energy  mismatch.  However,  if 
the  optical  depth,  which  depends  on  the  density-depth  product  is  too 
large,  the  radiated  power  is  dispersed  into  energies  other  than  the 
energy  of  absorption  for  the  Ne  IX.  With  both  a  Doppler  broadening  of 
0.3  eV  and  opacity  broadening,  an  optical  depth  of  four  gives  a  half¬ 
width  at  half-maximum  equal  to  the  energy  mismatch  (based  on  Eq. 

A. 20).  Larger  optical  depths  can  be  tolerated  before  the  pump  line 
saturates  at  the  energy  that  matches  the  Ne  IX  absorption.  For 
example,  an  optical  depth  of  20  implies  a  sodium  geometric  depth  of  5 
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nm  for  an  ion  density  of  2  x  10  cm  .  In  cylindrical  geometry  this 
implies  a  mass  loading  of  1.5  pg/cm.  Larger  mass  loadings  would  lead 
to  even  larger  optical  depths. 

A  collisional-radiative  equilibrium  (CRE)  model  including 
radiative  transport  has  been  used  to  determine  the  plasma  conditions 
necessary  to  optimize  the  output  of  the  11-A  transition  of  Na 
The  pump  flux  is  determined  as  a  function  of  temperature,  density,  and 
diameter  of  the  sodium  plasma.  The  pump  flux  increases  slightly  with 
temperature  for  temperatures  from  200  to  500  eV.  This  behavior 
results  from  combining  the  increasing  ls2p  level  population  with  the 
decreasing  helium-like  ion  population  as  the  temperature  is  increased. 
The  pump  flux  increases  with  density  although  somewhat  less  than 
linear  for  ion  densities  above  10  cm  .  The  pump  flux  also 
increases  with  plasma  diameter  up  to  about  5  mm  and  then  becomes 
constant.  The  pump  flux  scales  less  than  linearly  with  density  or 
diameter  because  the  optical  depth  increases  as  the  density  or 
diameter  is  increased,  and  larger  Na  X  excited-level  populations  are 
produced  due  to  re-absorption  of  emitted  radiation.  Since  the 
ionization  rate  coefficient  is  larger  for  the  excited  levels, 
increased  population  of  the  upper  levels  leads  to  an  effective  larger 
ionization  rate  for  the  ion.  This  reduces  the  helium-like  fraction, 
which  produces  a  less  than  linear  increase  of  pump  flux  with  density 
or  depth. 

Other  requirements  on  the  geometry  are:  (1)  The  separation  of  the 
sodium  and  neon  plasmas  should  be  as  small  as  possible  so  that  the 
neon  plasma  subtends  an  appreciable  solid  angle  of  the  sodium  pump 
radiation.  (2)  The  neon  plasma  must  be  uniform  and  straight  so  that 
its  spontaneous  emission  may  be  amplified  over  an  appreciable  length. 
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(3)  The  neon  lasing  radiation  should  not  be  absorbed  by  colder  plasma 
at  the  end  of  the  lasant  plasma. 

2.2.3  Previous  Experiments 

Plasmas  containing  sodium  and  neon  have  been  produced  in 

experiments  at  three  different  laboratories  using  high  power  optical 

and  infrared  lasers.  A  discussion  of  these  experiments  will  be 

presented  and  significant  results  relevant  to  the  sodium/neon 

photopumping  scheme  will  be  summarized. 

Soft  X-ray  spectra  of  Na  X  and  Ne  IX  were  observed  simultaneously 

from  the  implosion  of  neon-filled  microballoons  using  the  Delta  laser 

55 

at  the  University  of  Rochester.  A  0.2-TV,  40-ps  laser  pulse  was 

used  to  implode  a  65-um  diameter  glass  microballoon  filled  with  neon 

at  a  pressure  of  8.6  atm.  The  sodium  spectrum  was  a  result  of  sodium 

impurities  in  the  glass  microballoon.  An  electron  temperature  of  300 

eV  was  estimated  from  Ne  IX  and  Ne  X  line  ratios,  and  an  electron 
22  -3 

density  of  7  x  10  cm  was  estimated  from  the  width  of  the  Lyman- y 
line  of  neon.  For  a  compressed  diameter  of  19  urn,  an  optical  depth  of 
100  was  estimated  for  this  line  of  neon.  Vith  this  optical  depth  the 
Lyman-a  line  appeared  constant  over  an  energy  range  of  6  eV,  vith  a 
full-width  at  half-maximum  of  12  eV.  This  spectrum  not  only  shoved 
the  energy  coincidence  of  the  sodium  and  neon  radiations  but  also 
demonstrated  line  radiation  that  is  flat-topped  over  a  considerable 
energy  region  due  to  opacity  broadening.  Subsequent  analysis  by 
another  group  using  a  collisional-radiative-equilibrium  model 

21  -3 

indicated  a  temperature  of  380  eV  and  an  ion  density  of  4  x  10  cm  , 

21  -3 

as  compared  vith  an  ion  density  of  8  x  10  cm  determined  by 
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Rochester. An  optical  depth  of  200  was  estimated  for  the  neon 

Lyman-a  line  from  a  compressed  plasma  of  23-ym  diameter. 

Experiments  vere  performed  at  the  Central  Laser  Facility  of  the 

Rutherford  Appleton  Laboratory  to  investigate  sodium-neon 

photopumping. A  0.1-um  layer  of  sodium  fluoride  was  coated  onto  a 

3-ym  thick  aluminum  foil.  Neon  was  ion-implanted  into  the  other  side 

of  the  foil  to  a  depth  of  0.14  ym.  This  target  vas  irradiated  with 

two  beams  of  a  frequency-doubled  neodymium  glass  laser.  The  neon  vas 

irradiated  with  6  J  of  laser  energy  in  a  100-ps  pulse  focused  to 

14  -2 

220-ym  diameter.  This  provided  an  irradiance  of  2  x  10  V  cm  .  The 

sodium  fluoride  vas  irradiated  vith  10  J  of  laser  energy  vith  a 

similar  pulse  vidth  and  focal  spot  size,  but  delayed  for  300  ps  from 

the  neon  pulse.  An  electron  temperature  of  210  eV  and  electron 
22  3 

density  of  10  cm  vere  estimated  from  measured  neon  spectra.  The 

spectra  shoved  Ne  IX  lines,  but  no  clear  indication  of  photopumping 

58 

vas  observed,  possibly  due  to  the  lack  of  spacial  resolution.  In 

other  experiments  vith  similar  targets  0.8  J  of  1.06-ym  laser  energy 

14 

vas  focused  to  50-ym  diameter  to  produce  an  irradiance  of  4  x  10  V 
cm”^.  Time-resolved  spectra  of  the  Na  X  Is^  (^S)-ls2p  (^P)  transition 
indicated  a  peak  absolute  spectral  brightness  of  this  line  in  the 
photopumping  experiments  equivalent  to  a  157-eV  blackbody.  At  the 
time  of  maximum  spectral  brightness  the  spectral  half-vidth  of  this 
opacity-broadened  line  vas  26  mA  (2.7  eV). 

A  technique  vas  developed  at  the  Naval  Research  Laboratory  to 
prepare  frozen  neon  samples  vhich  could  be  used  in  laser  plasma 

KQ  \2 

experiments.  An  8-J,  4-ns  neodymium  glass  laser  focused  to  10  W 
cm~^  vas  used  to  irradiate  the  frozen  neon  samples.  Grazing  incidence 
spectra  of  extreme  ultraviolet  radiation  vere  measured,  and  line 
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radiation  from  Ne  IX  and  Ne  VIII  Indicate  that  this  technique  can 
produce  a  lasant  plasma  for  sodium/neon  photopumping. Experiments 
were  also  performed  to  produce  the  11-A  sodium  pump  by  irradiating  a 
sodium  fluoride  target  with  100  J  of  l.OS-ym  radiation  in  a  4-ns  pulse 
focused  to  5  X  10^^  V  cm”^.  The  Na  X  radiation  was  measured  with  an 
absolutely  calibrated  crystal  spectrograph,  and  a  power  of  25  MW  of 
the  11-A  radiation  emitted  into  4it  was  estimated.  Techniques  to 
improve  the  sodium  radiation  were  suggested,  however  photopumping 
experiments  were  never  performed.^^ 
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Chapter  3 


Z-PINCH  PLhSMAS 


Two  major  problems  in  producing  high-pover  electrical  pulses  from 
a  given  energy  storage  system  are  inductive  restrictions  that  occur 
with  time-varying  currents  and  electrical  breakdown  that  occurs  with 
extremely  high  voltages.  The  development  of  oil-filled  Marx 
generators  coupled  to  water-dielectric  transmission  lines  has  helped 
to  solve  these  problems.  In  Marx  generators,  capacitors  are  charged 
slowly  at  low  voltage  in  parallel  and  then  rapidly  switched  to  high 
voltage  in  series  and  discharged  into  a  water-dielectric  transmission 
line  before  breakdown  can  occur.  The  transmission  line  not  only  can 
sustain  the  high  voltage  on  a  relatively  short  time-scale  but  can  have 
low  Inductance  compared  with  the  Marx  generator  primarily  due  to  the 
large  dielectric  constant  of  water.  This  power  pulse  is  compressed  in 
time  and  transferred  to  the  load  by  closing  switches  in  series  with 
the  load.  Up  to  10  TV  of  electrical  power  can  be  delivered  to  a  load 
with  this  technique.  The  major  drawbacks  to  such  systems  are  the 
large  physical  dimensions  of  the  generator  and  the  massive  oil  and 
water  tanks  required. 

Recent  developments  with  plasma  opening  switches  (POS)  have 
opened  up  the  possibility  of  using  inductive  storage  systems  to 
produce  power  levels  similar  to  Marx-generator/water-capacitor 
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systems.  '  In  an  inductive  storage  system,  a  relatively  low 
voltage  capacitor  bank  is  used  to  current  charge  a  large  vacuum 
inductor  in  series  with  a  POS.  Near  the  peak  of  the  charging  current, 
the  POS  opens  and  the  current  is  diverted  to  the  load  by  a  parallel 
current  path.  The  change  in  inductance  between  the  tvo  current  paths 
produces  a  voltage  that  is  proportional  to  the  product  of  the  current 
and  the  rate  at  which  the  current  is  diverted  between  the  two 
inductive  paths.  This  can  produce  a  voltage  spike  in  excess  of  the 
initial  capacitor  voltage  and,  since  it  occurs  near  peak  current,  a 
corresponding  power  pulse.  Inductive  storage  systems  can  provide 
considerable  savings  in  size  over  Marx-generator/water-capacitor 
systems.  Although  still  developmental,  an  inductive-storage  generator 
coupled  to  a  Z-pinch  radiation  source  has  the  potential  to  be  a 
compact  and  efficient  power  supply  for  a  photopumped  XUV  laser. 

Previous  studies  of  Z-pinch  plasmas  have  been  carried  out  for 

various  applications  including  fusion  energy  research,  atomic-physics 

studies,  and  plasma-radiation-source  (PRS)  development.  Experiments 

with  CD2  fibers,  frozen  deuterium  fibers,  and  deuterium  gas  have  been 

used  to  study  plasmas  capable  of  producing  thermonuclear 
63  65 

neutrons.  ~  Extensive  theoretical  modeling  of  the  stability  of 
these  plasmas  has  guided  this  work.^^  An  imploding-liner  Z-pinch  has 
been  used  extensively  to  study  basic  atomic  physics,  particularly  the 
Stark  broadening  of  spectral  lines  in  high  density  plasmas. With 
the  development  of  large  pulsed  power  devices,  the  Z-pinch  plasma  has 
become  widely  used  as  a  high-power  source  of  characteristic  soft  X- 
rays  for  materials  testing.  ~  The  various  applications  of  the  Z- 
pinch  plasma  place  different  requirements  on  the  parameters  of  the 
plasma.  Applications  of  Z-pinch  plasmas  have  been  reviewed  by  various 
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authors  and  conferences  devoted  to  the  subject  of  dense  Z-pinches 

9  74  75 

provide  a  wealth  of  information  on  the  subject.  *  '  The  purpose 

here  is  to  discuss  Z-pinch  plasmas  as  applied  to  producing  a 
sodium/neon  photopumped  XUV  laser.  The  basic  theory  of  the 
equilibrium  relations  in  a  Z-pinch  as  well  as  situations  where  these 
are  expected  to  be  violated  will  be  discussed.  Examples  of 
experiments  carried  out  with  neon  and  sodium  Z-pinch  plasmas  will  be 
presented.  Finally,  the  results  of  experiments  to  demonstrate 
resonant  photopumping  of  a  neon  plasma  by  radiation  from  a  sodium 
plasma  will  be  discussed. 

3.1  Z-Pinch  Theory 

In  1934,  W.H.  Bennett  derived  the  equilibrium  conditions  for  a 
current  channel. He  developed  the  relationship  between  the  current, 
the  charge  per  unit  length,  and  the  temperature  for  a  Z-pinch 
discharge.  This  "Bennett  pinch"  relationship  is: 

-  N  c^2k(Tg  +  Tj)  (3.1) 

where  I  is  the  total  current  (Gaussian  units),  N  is  the  number  of 
electrons  or  positive  charges  per  unit  length,  T^  is  the  electron 
temperature,  and  T^  is  the  ion  temperature.  For  a  given  current,  the 
temperature  is  determined  by  the  charge  per  unit  length.  This 
expression  is  a  consequence  of  balancing  the  magnetic  pressure  of  the 
current  against  the  internal  pressure  of  the  plasma.  It  is  an 
equilibrium  relationship  and  does  not  describe  the  dynamics  associated 
with  implosions  or  instabilities.  Also  it  does  not  determine  the 
final  radius  of  the  pinch.  Since  the  dependence  of  the  magnetic 
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pressure  on  radius  is  identical  to  the  dependence  of  the  particle 
density  on  radius,  the  final  radius  or  density  is  not  specified  by  Eq. 
3.1>  This  expression  can  be  used  to  estimate  the  current  required  to 
produce  a  neon  lasant  plasma  appropriate  for  photopumping.  For  an 
effective  charge  of  Z-8  (Ne  IX)  and  for  *  T^,  Eq.  3.1  can  be 
written  in  the  form: 

I^(kA)  -  160  M(yg/cm)  x  kT(eV)  (3.2) 

where  I  is  the  current,  kT  is  the  temperature,  and  M  is  the  neon  mass 
load.  This  relationship  is  shown  in  Fig.  3.1  for  temperatures  of  50 
and  100  eV.  To  produce  a  75-eV  plasma,  currents  of  100  to  250  kA  and 
mass  loadings  of  1  to  6  ug/cm  are  required. 

The  Bennett-pinch  describes  an  equilibrium  condition  where 

magnetic  pressure  is  balanced  by  internal  pressure,  but  resistive  and 

radiative  effects  are  not  included.  Pease  and  Braginskii  included 

these  effects  in  an  estimate  of  the  maximum  current  required  to 

77 

maintain  an  equilibrium.  They  assumed  a  hydrogen  plasma  for  fusion 
applications.  In  this  case,  joule  heating  is  balanced  by 
bremsstrahlung  losses  for  a  current  of  1.7  MA.  For  larger  currents, 
radiative  losses  exceed  resistive  heating  and  the  pinch  collapses. 

For  smaller  currents,  resistive  heating  dominates  and  the  pinch 
expands.  For  an  atomic  species  other  than  hydrogen,  the  maximum 
current  for  equilibrium  is  reduced  by  the  factor  (Z-t-l)/2Z  for  ions  of 
a  charge  Ze.  For  a  plasma  consisting  primarily  of  Ne  IX,  this  factor 
is  0.56,  and  the  equilibrium  current  is  0.95  MA.  This  calculation 
includes  bremsstrahlung  radiation  but  does  not  consider  characteristic 
radiation.  A  similar  calculation  including  the  effects  of 
characteristic  radiation  indicates  that  far  lower  currents  are 
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FIG.  3.1.  Bennett-pinch  condition  for  temperatures  of  50  eV  (dashed) 
and  100  eV  (solid). 
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required  to  balance  radiative  losses  against  resistive  heating.  An 
expression  for  the  Pease-Braglnskii  current  including  characteristic 
radiation  losses  is: 

I(MA)  .  1.83  X  10"^^  (keV)  (3.3) 

where  In  A  is  the  Coulomb  logrithm,  and  R(Nj,T)  is  the  cooling 

3 

coefficient  (V-cm  ).  The  Coulomb  logrithm  can  be  estimated  by: 

In  A  -  24  -  In  T~^j  (3.4) 

where  N  is  the  electron  density  in  cm”  and  T  is  the  electron 
c  e 
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temperature  in  eV.  The  calculations  of  either  Terry  et  al.  (in  Ref. 
80)  or  Post  et  al.  (Ref.  81)  were  used  to  estimate  the  cooling 
coefficient  and  the  effective  charge.  Values  of  these  quantities, 
along  with  Pease-Braginskii  currents  based  on  Eqs.  3.3  and  3.4,  are 
presented  in  Table  3.1  for  a  neon  plasma.  The  cooling-coefficient  and 
effective-charge  values  are  for  an  ion  density  of  10  cm”  and  for 
temperatures  of  40,  50,  100,  and  400  eV.  The  40  and  400  eV 
temperatures  were  chosen  because  they  correspond  to  peaks  in  the 
cooling  coefficient.  The  40-eV  peak  is  due  primarily  to  radiation 
greater  than  50  A  (<  250  eV)  from  L-shell  transitions.  The 
calculation  of  the  cooling-coefficent  by  Terry  et  al.  includes  effects 
of  opacity  which  result  in  a  value  of  the  cooling-coefficient 
considerably  less  than  that  of  Post  et  al.  for  the  40-eV  peak.  The 
400-eV  peak  is  due  primarily  to  radiation  less  than  15  A  (>  850  eV) 
from  K-shell  transitions.  The  temperatures  of  50  eV  and  100  eV  were 
chosen  because  of  their  relevance  to  the  neon  lasant  problem.  As  can 
be  seen  from  Table  3.1,  the  Pease-Braginskii  currents  are  much  less 
when  characteristic  radiation  is  included. 
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Temp. 

(eV) 

Avg.  Z 

(  10 

R 

W  cm3) 

(kA) 

Post 

40 

5.5 

800 

4.5 

50 

6.5 

600 

7.0 

100 

8.0 

20 

54 

400 

9.0 

20 

92 

Terry 

40 

6.5 

28 

28 

50 

7.0 

20 

38 

100 

8.0 

6 

98 

400 

9.0 

19 

94 

Table  3.1.  Effective  charge,  radiation  coefficent  (for  ion  density  of 
18  -3 

10  cm  ),  and  Pease-Braginskii  current  for  neon  plasmas  of  different 
temperature. 
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For  a  Z-pinch  driven  by  a  rapidly  rising  current,  the  kinetic 

energy  of  the  implosion  is  a  significant  fraction  of  the  total  energy, 

and  this  kinetic  energy  can  be  thermalized  to  add  to  the  heating  of 
82 

the  pinch.  As  the  current  in  the  pinch  rises  and  the  pinch 

implodes,  magnetic  energy  is  stored  in  the  chcuiglng  inductance  of  the 

load.  Since  the  plasma  is  confined  by  the  magnetic  field,  the  kinetic 

energy  of  the  implosion  is  added  to  the  internal  energy  of  the  plasma. 

Significant  amounts  of  electrical  energy  can  be  transferred  to  the 

load  in  this  way.  Because  the  Z-pinch  plasma  is  a  part  of  the 

electrical  circuit,  its  impedance  can  affect  the  dynamics  of  the 
83 

circuit.  The  internal  resistance  and  inductance  of  the  Z-pinch  load 

must  be  considered  if  low  Impedance  power  supplies  are  used  or  if  the 

loading  of  the  circuit  due  to  the  imploding  plasma  becomes  large.  In 

an  imploding  plasma  load,  both  the  inductance  and  resistance  increase 

with  decreasing  radius.  For  a  small  radius  Z-pinch,  both 

contributions  can  be  important  and  can  effect  the  behavior  of  the 
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electrical  circuit.  A  calculation  which  includes  the  dynamics  of 
the  neon  plasma  as  an  imploding  load  and  the  interaction  of  this  load 
with  the  electrical  circuit  was  used  in  designing  the  present 
experiment.  The  results  will  be  discussed  in  Chapter  4. 

The  previous  discussion  was  limited  to  ideal  equilibrium 
conditions.  In  reality,  the  onset  of  nonlinear  plasma  instabilities 
can  cause  the  plasma  to  break  up  or  collapse.  The  most  common 
instabilities  are  described  by  their  azimuthal  symmetries.  The  m^O 
instability  is  symmetric  with  respect  to  the  azimuthal  angle  and  is 
known  as  the  sausage  instability.  It  produces  localized  pinches  along 
the  axis  with  smaller  radius  than  the  bulk  of  the  plasma.  The  plasma 
is  envisioned  as  a  series  of  sausage  links  with  the  pinches  at  the 
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connection  of  the  sausages,  hence  the  name  sausage  instability.  The 

growth  rate  of  these  instabilities  has  been  the  subject  of  a  great 

85 

deal  of  theoretical  modeling.  The  md  instability  is  refered  to  as 

the  kink  instability  because  it  appears  as  a  kink  along  a  linear  Z- 

pinch.  This  pinch  has  also  been  modeled  extensively  and  some  methods 
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of  stabilization  have  been  suggested. 

3.2  Neon  Z-Pinch  Implosions 

Neon  gas-puff  Z-pinch  implosions  have  been  studied  on  numerous 
pulsed  power  generators  by  recording  spectra  of  soft  X-rays  from  Ne  IX 
and  Ne  X.  Extensive  theoretical  modeling  has  been  carried  out  to 
interprete  these  spectra.  Although  inappropriate  for  use  as  a  neon 
lasant,  these  plasmas  are  interesting  in  the  present  context  for  two 
reasons.  First,  the  spectra  and  their  interpretation  provide  a  basis 
for  comparison  with  spectra  obtained  in  neon-lasant  experiments. 
Second,  empirical  scaling  lavs  of  the  radiation  from  these  plasmas  may 
be  used  to  optimize  the  11-A  Na  X  pump  radiation.  For  these  reasons, 
results  of  neon  gas-puff  Z-pinch  experiments  are  discussed  here. 

A  detailed  investigation  of  neon  gas-puff  Z-pinch  implosions  was 
carried  out  on  the  1-HA  Gamble  II  generator  at  the  Naval  Research 
Laboratory.  Variations  in  current,  mass  loading,  initial  gas-puff 
radius,  and  current  risetime  were  investigated.  The  figure  of  merit 
for  these  investigations  was  the  K-shell  X-ray  yield  from  Ne  IX  and  Ne 

P7  pp 

X.  ’  An  optimum  mass  loading  (linearly  proportional  to  the  gas- 
puff  plenum  pressure)  was  determined  for  several  peak  currents  between 
0.94  and  1.45  MA  for  a  2.5-cm  initial  gas-puff  diameter.  The  maximum 
X-ray  yield  was  achieved  for  mass  loadings  ranging  from  15  to  45 
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Mg/cm.  This  optimum  yield  scaled  as  the  fourth  power  of  the  peak 
89 

current.  Comparisons  with  yields  from  larger  pulsed  power 

9 

generators  are  consistent  with  this  scaling.  Modeling  of  this 

scaling  indicates  an  eventual  transition  to  a  quadratic  scaling  at 

90 

larger  current  consistent  with  conservation  of  energy.  As  the 

initial  gas-puff  radius  was  decreased,  the  implosion  occurred  closer 

91 

to  the  peak  of  the  current  and  the  measured  yield  increased. 

Modeling  of  this  radius  scaling  agreed  with  experiment.  Up  to  2.5  kJ 

of  radiation  in  the  range  from  0.9  keV  to  1.6  keV  was  produced  with  a 
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2.5-cm  diameter  nozzle  and  a  peak  current  of  1.2  MA.  This  yield 

91 

increased  to  about  7  kJ  for  a  1.75-cm  diameter  nozzle.  The  K-shell 

yield  increased  as  the  current  risetime  was  reduced  from  60  to  20  ns 

89 

with  a  plasma  opening  switch  (POS).  With  the  POS,  an  axially  more 

uniform  plasma  was  indicated  by  X-ray  pinhole-camera  images  and 

spacially  resolved  X-ray  spectra.  Axial  non-uniformities  in  the 

spectra  may  be  associated  with  a  zlppering  effect  in  these  implosions 

due  to  flaring  of  the  cold  neon  gas  from  the  nozzle.  Zippering  is 

predicted  in  modeling  the  effect  on  the  implosion  of  am  axial 
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variation  in  the  initial  gas  distribution.  Spectroscopic 
measurements  indicated  that  approximately  75Z  of  the  soft  X-ray 
emission  was  contained  in  the  Ne  IX  resonance  transition  and  Lyman-a 
line  for  the  plasma  produced  using  the  POS.  Vithout  the  POS,  only  45X 
of  the  X-ray  emission  was  contained  in  these  lines.  The  ratio  of  the 
Ne  IX  resonant  transition  to  the  Lyman-a  line  varied  from  0.2  to  0.9 
along  the  axis  of  the  pinch  for  the  implosions  without  the  POS,  while 
with  the  POS  a  variation  of  less  than  lOX  from  a  value  of  1.1  was 
observed.  Estimates  of  plasma  temperatures  based  on  a  collisional- 
radiative  equilibrium  (CRE)  model  are  ISO  eV  without  the  POS  and  185 
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eV  vith  the  POS.  Hass  loadings  of  34  iig/cm  (without  the  POS)  and  29 

yg/cm  (vith  the  POS),  combined  vith  a  measured  diameter  of  1.8  mm, 

19  -3 

indicate  an  ion  density  of  3  -  4  x  10  cm  . 

Larger  pulsed  power  machines  vith  higher  currents  have  produced 

larger  neon  K-shell  X-ray  yields.  The  Double  EAGLE  generator  at 

Physics  International  Company  delivers  4  HA  (6  TV)  and  has  produced  15 

kJ  of  neon  K-shell  X-rays. Spectra  of  the  Ne  IX  and  Ne  X  K-shell 

transitions  indicate  that  the  Lyman-a  line  is  three  to  six  times  more 

intense  than  the  Ne  IX  resonant  transition.  The  SATURN  generator  at 

Sandia  National  Laboratories  delivers  10  HA  (32  TV)  and  has  produced 
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100  kJ  of  neon  K-shell  X-rays.  In  this  case,  the  ratio  of  the 
Lyman-a  line  to  the  Ne  IX  resonant  transition  is  2.3.  A  comparison  of 
relevant  parameters  for  these  generators  is  given  in  Table  3.2. 

3.3  Sodium  Z-Pinch  Implosions 

To  produce  an  imploding  Z-pinch  containing  sodium  for 

photopumping  experiments,  a  sodium-fluoride  (NaF)  capillary-discharge 
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source  was  developed.  This  source  was  produced  by  discharging 

current  from  a  charged  capacitor  through  a  0.5-mm  diameter  capillary 

drilled  in  packed  NaF  powder.  The  NaF  vas  heated  by  the  current,  and 

plasma  vas  ejected  through  a  nozzle  to  produce  a  cylindrically 

symmetric  plasma  column.  Implosions  of  the  plasma  from  this  scarce 

vith  a  1-HA  current  pulse  produced  an  intense  20-ns  pulse  of  sodium  K- 

shell  X-rays.  The  total  sodium  K-shell  peak  power  was  70  GV,  and  the 

peak  power  of  the  Na  X  resonant  line  at  11  A  was  25  GV.  K-shell  X- 

ray  spectra  indicated  the  ratio  of  the  Lyman-a  line  to  the  Na  X 
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resonant  transition  ranged  from  0.7  to  1.2.  Temperatures  of  250-500 
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GAMBLE  II  Double  EAGLE  SATURN 


Total  K-shell  4  15  100 


(kJ) 

Pulse  Width 
(ns) 

23 

22 

20 

Ne  X/Ne  IX 

0.2-0.S 

3.2-6.5 

2.3 

Temperature 

(eV) 

150-185 

1300 

>300 

Ne  Density 
(  10”  cm'*  ) 

3.4 

1.6 

1 

Final  Radius 
(mm) 

0.9 

- 

2.2 

Mass  Loading 
(pg/cm) 

29-34 

- 

1000 

Table  3.2.  Summary  of  the  characteristics  of  neon  implosions  on  the 
Gamble  II,  Double  EAGLE,  and  SATURN  generators. 
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20  -3 

eV  and  an  electron  density  of  10  cm  were  estimated  using  a 
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collisional-radiative  equilibrium  (CRE)  model.  Recentlyt  a  higher- 

current  version  of  this  source  was  modified  and  used  on  the  Double- 

EAGLE  generator  to  produce  more  than  100  GV  of  the  Na  X  11-A  pump 
99 

radiation. 

The  sodium  pump  power  may  be  increased  by  replacing  the  NaF 

plasma  with  a  pure  sodium  plasma.  To  this  end,  an  array  of  sodium 

vires,  produced  by  extruding  pure  sodium  through  pinholes,  was 

Imploded  on  the  Double-EAGLE  generator  to  produce  150  GV  of  11-A 

sodium  pump  radiation. A  similar  technique  was  used  on  the  SATURN 

generator  to  produce  considerable  Na  K-shell  radiation. Properties 

of  these  sources  are  given  in  Table  3.3. 

Several  other  techniques  have  been  Investigated  in  an  effort  to 

produce  a  sodium  source  for  photopumping  experiments.  Metal  vapor 
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sources  were  studied  at  NRL  based  on  the  work  of  Doucet.  In  this 
source,  an  annular  puff  of  sodium  plasma  is  produced  by  a  radial 
electrical  discharge  across  a  sodium  foil.  Alternatively,  the 
electrically  driven  explosion  of  a  sodium  wire  confined  in  a  space, 
analogous  to  the  capillary  discharge,  was  developed  and  tested. 
Implosions  on  the  Gamble  II  generator  with  both  of  these  sources 
produced  modest  powers  of  11-A  sodium  radiation.  An  annular 
sodium-chloride  plasma  produced  with  a  radial  discharge  source,  was 
imploded  on  the  PITHON  generator  to  produce  50  GV  of  11-A  sodium 
radiation.^®®  The  Proto  II  generator  was  used  to  implode  an  annular 
neon  gas  puff  onto  a  sodium- fluoride  coated  paralyene  cylinder  to 
produce  sodium  radiation.'*^  Peak  powers  of  up  to  100  GV  of  11-A 
sodium  radiation  were  produced  with  this  technique. 
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GAMBLE  ii 

NaF 

Doubia 

NaF 

EAGLE 

Na 

SATURN 

Na 

Total  K-shell 
(kJ) 

1.7 

14 

35 

(350) 

Pulao  Width 
(nt) 

20 

26 

53 

35 

Na  Xi/Na  X 

0.7 

2-4 

2 

2 

Tomparatura 

(aV) 

240 

<560 

360 

- 

Danaity 
(10**  cm-) 

3.6 

6 

2-5 

- 

Final  Radius 
(mm) 

1.0 

1.5-2.0 

1.2-2.4 

4 

Mass  Loading 
(pg/cm) 

93 

300 

170 

- 

• 

11  -A  Powar 
(GW) 

29 

130 

150 

200 

• 

1 1  -A  Enargy 
(kJ) 

0.6 

3.4 

8 

(4) 

Table  3.3.  Sununary  of  sodium  implosions  on  the  Gamble  II,  Double 
EAGLE,  and  SATURN  generators  using  sodium  wire  arrays  and  NaF 
capillary  discharges. 
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3.4  Sodiiw/Neon  Photopuaplng  Experiaents 


Simultaneous  implosions  of  parallel  sodium  fluoride  (NaF)  and 
neon  Z-pinches  were  used  in  experiments  to  measure  photopumping  of  the 
Ne  IX  ls^-ls4p  transition. The  NaF  Z-pinch  was  produced  on 
the  axis  of  the  Gamble  II  generator  by  the  main  current  pulse.  The 
neon  Z-pinch  was  produced  5  cm  off  axis  by  driving  a  fraction  of  the 
generator  current  through  a  neon  gas  puff.  Up  to  30  GV  of  11-A  sodium 
pump  power  was  measured  from  the  NaF  plasma  imploded  by  a  1-MA 
current.  Currents  of  100  to  150  kA  were  used  to  implode  the  neon. 

The  neon  implosion  occurred  zero  to  25  ns  after  the  peak  of  the  80-ns 

risetime  current  pulse  as  indicated  by  filtered  vacuum  diodes. 

2 

Comparisons  of  the  ratio  of  the  intensities  of  the  Ne  IX  Is  -ls4p 
(11.0  A)  transition  and  the  Ne  IX  ls^-ls3p  (11.5  A)  transition  were 
made  for  neon  implosions  with  and  without  the  sodium  source.  This 
ratio  was  0.6  when  the  NaF  plasma  was  replaced  with  a  metal  rod  or  a 
magnesium- fluoride  plasma.  This  ratio  was  increased  to  0.9  for  neon 
spectra  when  the  sodium  radiation  was  present  and  coincident  with  the 
neon  implosion. 

Recently,  experiments  have  been  performed  at  Sandia  National 
Laboratories  using  the  SATURN  generator  to  demonstrate  photopumping. 
Neon  gas  was  contained  in  a  chamber  and  enclosed  by  a  window  material 
that  is  transparent  to  11-A  sodium  radiation.  The  neon  was  heated  to 
the  Ne  IX  state  by  the  photon  flux  from  a  sodium  wire-array 
implosion. An  enhancement  of  the  intensity  of  the  Ne  IX  ls^-ls4p 
(11  A)  transition  relative  to  the  Ne  IX  Is  -ls3p  (11.5  A)  transition 
was  observed  at  the  time  of  the  11-A  sodium  radiation. 
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Chapter  4 


EXPERIMENTAL  GAS-PUFF  Z-PINCH 

The  criteria  for  the  design  of  this  experiment  were  determined  by 
the  required  neon  plasma  conditions  and  by  the  experimental  parameters 
of  the  neon  lasant  in  the  sodium/neon  photopumping  experiments  on  the 
Gamble  II  generator.  The  neon  plasma  conditions  were  discussed  in 
Chapter  2.  In  the  sodium/neon  experiments  a  portion  of  the  Gamble  II 
current  pulse  was  used  to  implode  a  neon  gas  puff.  It  is  therefore 
desirable  to  use  a  current  waveshape  similar  to  that  of  Gamble  II  so 
that  results  of  this  experiment  can  be  applied  directly  to  the 
sodium/neon  experiments  on  Gamble  II. 

4.1  Design  Parameters 

The  previous  discussion  of  the  neon  plasma  in  Sec.  2.2.1  provides 

guidelines  for  the  design  of  the  current  source  for  the  neon  Z-pinch 

in  this  experiment.  An  electron  temperature  of  75  eV,  an  ion  density 
19  -3 

of  10  cm  and  an  imploded  plasma  diameter  less  than  0.5  mm  were 
determined  to  be  appropriate  for  the  neon  lasant  plasma.  Based  on 
this  density  and  diameter ,  a  linear  mass  loading  less  than  0.65  yg/cm 
is  required.  The  Bennett  pinch  condition  (Eq.  3.2)  gives  a  current  of 
90  kA  for  a  temperature  of  75  eV,  as  can  be  seen  from  Fig.  3.1. 
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However,  this  estimate  is  for  a  steady-state  condition  and  does  not 
consider  the  dynamics  of  the  implosion. 

A  code  developed  to  model  the  radiation  output  of  a  Z-pinch  on 
the  Gamble  II  generator  was  used  to  evaluate  the  dynamic  effects  of 
this  neon  implosion  (see  Appendix  B).  This  code  incorporates  a 
transmission-line  model  of  the  electrical  circuit  and  treats  the  Z- 
pinch  as  a  circuit  element  with  a  variable  resistance  and  inductance. 
The  inductance  is  determined  by  the  pinch  radius,  and  the  resistance 
is  determined  by  Spitzer  resistivity.  The  plasma  temperature  is 
determined  by  Joule  heating,  magnetic  compression,  thermalization  of 
the  implosion  kinetic  energy,  and  radiation  losses.  Radiation  losses 
are  determined  by  a  temperature-dependent  radiation  coefficient. 
Effects  of  opacity  can  be  included  by  reducing  the  radiation 
coefficient.  Input  parameters  are  the  initial  plasma  radius,  the 
linear  mass  loading,  and  the  voltage  waveshape.  The  Gamble  II  open- 
circuit  waveshape  was  used  with  the  peak  voltage  as  an  input 
parameter.  The  peak  imploded  plasma  temperature  and  density  were 
determined  for  various  input  parameters.  Details  of  this  design  study 
are  given  in  Appendix  B  and  the  results  are  summarized  in  Fig.  4.1. 
Here,  the  relation  between  the  peak  current  and  mass  loading  for  final 
neon  plasma  temperatures  of  50  to  100  eV  is  given  by  the  shaded  area. 
Compared  with  results  from  the  Bennett  pinch  condition  (Fig.  3.1),  a 
higher  mass  loading  can  be  heated  to  50  to  100  eV  when  dynamic  effects 
are  included.  Alternatively,  less  current  is  required  to  heat  a  given 
mass  than  the  Bennett  pinch  condition  predicts  when  dynamic  effects 
are  included.  The  reasons  for  this  difference  are  discussed  in 
Appendix  B.  The  peak  ion  density  as  a  function  of  the  peak  current 
for  a  50-  to  100-eV  plasma  is  also  plotted  in  Fig.  4.1.  For  example. 
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FIG.  4.1.  The  relation  between  driving  current  and  mass  loading  for  a 
50-  to  100-eV  plasma  (shaded  area),  and  the  relation  between  driving 
current  and  imploded  neon  ion  density  for  a  50-  to  100-eV  plasma 
(curve) . 
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ION  DENSITY  AT  IMPLOSION  (cm-3) 


a  current  of  150  kA  is  required  to  produce  a  50-  to  100-eV  plasna  for 

an  initial  neon  mass  loading  of  4  pg/cm.  The  corresponding  peak  ion 

18  -3 

density  for  a  current  of  150  kA  is  2  x  10  cm~  .  These  results 
indicate  that  current  levels  belov  150  kA  are  sufficent  to  produce  the 
appropriate  neon  plasma. 

4.2  Inductive-Storage  Generator 

To  reproduce  the  neon  plasma  conditions  used  in  the  photopumping 
experiments  on  Gamble  II,  a  250-kA  peak  current  pulse  with  a  100-ns 
risetime  is  required.  A  small  inductive-storage  generator  with  a  high 
repetition  rate  was  used  to  provide  this  current.  Previously,  this 
generator  had  been  used  to  drive  an  electron  beam  diode  in  a  proof-of- 
principle  inductive-storage  experiment. This  generator 
consists  of  a  capacitor  bank,  a  lov  inductance  feed  to  a  coaxial 
vacuum  inductor,  and  a  plasma  opening  switch  (POS).  This  system  can 
produce  both  slow  risetime  (1  ps)  and  fast  ristime  (100  ns)  current 
pulses  by  adjusting  the  POS.  The  source  for  the  POS  plasma  was  driven 
by  a  separate  capacitor  discharge  so  that  the  POS  could  be  used  simply 
by  charging  those  capacitors,  while  other  elements  of  the  system  were 
unchanged.  An  equivalent  circuit  of  this  generator  and  Z-pinch  load 
is  given  in  Fig.  4.2.  The  gas-puff  load  is  represented  as  a  circuit 
element  with  time-varying  resistance  and  inductance.  Vith  this  system 
it  was  possible  to  investigate  the  effects  of  current  risetime 
variations  on  neon  Z-pinch  implosions. 
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circuit  of  the  inductive-storage  generator  with  a 
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4.2.1  Capacitor  Bank 


The  primary  energy  storage  for  this  ge  .erator  were  two  1.85-uF 
capacitors  connected  in  parallel.  Charged  to  50  kV,  the  capacitors 
provided  a  stored  energy  of  5  kJ.  The  current  was  transferred  from 
the  capacitors  to  the  vacuum  coaxial  inductor  chamber  through  36  (RG 
213/U)  cables  approximately  1  meter  in  length.  These  cables  were 
connected  via  a  common  vacuum  interface  to  the  coaxial  vacuum 
inductor.  The  opposite  end  of  the  center  conductor  of  the  coaxial 
vacuum  inductor  served  as  the  cathode  of  the  Z-pinch  load.  Each 
capacitor  was  switched  independently,  and  a  common  trigger  was  used 
for  both  switches.  The  capacitor  charging  circuit,  switches,  and  RG 
213/U  connections  were  mounted  atop  each  capacitor  and  submerged  in 
oil.  A  schematic  diagram  of  the  charge  and  trigger  circuit  is  given 
in  Fig.  4.3.  The  current  monitor  (Ij),  shown  in  Fig.  4.3,  was  used  to 
record  the  preionization  current,  and  will  be  discussed  in  Sec.  4.3.1. 

4.2.2  Vacuum  Inductor 

The  center  conductor  of  the  coaxial  vacuum  inductor  consisted  of 
a  5-cm  diameter  brass  tube,  initially  12  cm  in  length,  and  later 
changed  to  50  cm  when  the  POS  was  added.  One  end  of  this  center 
conductor  was  connected  to  the  capacitor  bank  through  a  vacuum 
interface.  The  other  end  served  as  the  cathode  for  the  neon  gas  puff 
via  an  array  of  12  brass  wires  strung  across  the  diameter  of  the  tube. 
The  neon  gas  puff  was  directed  toward  the  wire  array  and  the  interior 
of  the  brass  tube  acted  as  a  gas  dump.  Initially,  various  screens 
were  used  as  the  cathode,  but  they  did  not  survive  the  discharge.  The 
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FIG.  4.3.  Charge  and  trigger  circuit  for  the  Z-pinch  capacitors. 
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brass  vires  did  survive  numerous  discharges  before  being  damaged.  The 
current-return  path  of  the  coaxial  vacuum  inductor  were  12  rods,  each 
3-mm  in  diameter,  equally  spaced  on  a  10-cm  diameter.  This  geometry 
provided  a  transparent,  coaxial  current-return  path  through  which  the 
POS  plasma  was  injecced.  The  center  conductor  and  12  current-return 
rods  (along  with  the  cables  from  the  capacitor  bank  to  the  vacuum 
interface)  made  up  an  inductor  that  could  be  current  charged  when  the 
capacitors  were  triggered.  Three  current  monitors,  mounted  in  the 
current-return  support  structure,  measured  the  axial  current.  One 
current  monitor  (I2)  was  located  between  the  vacuum  interface  and  the 
POS  region.  A  second  monitor  (I2)  was  located  between  the  POS  region 
and  the  load.  A  third  monitor  (I^)  surrounded  the  nozzle  and  measured 
the  current  through  the  neon  gas  puff.  A  schematic  of  the  inductive- 
storage  generator  is  given  in  Fig.  4.4. 

4.2.3  Plasma  Opening  Switch 

The  opening  switch  plasma  was  produced  by  six  plasma  guns  driven 
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by  two  capacitor  banks.  The  guns  vers  equally  spaced  around  the 
coaxial  vacuum  inductor  and  injected  low-density  plasma  radially 
inward  toward  the  center  conductor  through  the  return-current  rods. 

Each  capacitor  bank  contained  three  0.6-uF  capacitors  which  were 
charged  to  25  kV  providing  a  stored  energy  of  155  J  per  gun  or 
approximately  1-kJ  total.  A  diagram  of  the  plasma-gun  circuit  is 
given  in  Fig.  4.5(a),  and  a  diagram  of  the  plasma  gun  is  given  in  Fig. 
4.5(b).  Vhen  the  main  capacitor  bank  is  triggered,  the  POS  plasma 
initially  provides  a  short-circuit  that  isolates  the  gas-puff  from  the 
current  source.  This  plasma  acts  as  a  current  path  between  the 
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FIG.  4.4.  Schematic  of  inductive-storage  generator  with  a  gas-puff 
load. 
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FIG.  4.5.  a)  Charge  and  trigger  circuit  for  the  POS  plasma  guns  and  b) 
schematic  of  a  POS  plasma  source. 
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center  conductor  and  the  current-return  rods  (see  Fig.  4.6(a))  until  a 
threshold  current  level  is  exceeded.  Then  a  vacuum  gap  opens  between 
the  center  conductor  and  current  return  rods  in  the  POS  region,  and 
current  is  abruptly  switched  to  the  gas-puff  load  (see  Fig.  4.6(b)). 
The  larger  inductance  associated  with  this  new  current  path  produces  a 
voltage  on  the  load  proportional  to  the  rate  that  the  current  is 
interrupted. 

4.3  Neon  Gas-Puff  Source 

To  achieve  neon  plasma  conditions  similar  to  those  in  the 
photopumping  experiment  on  Gamble  II,  the  same  neon  gas-puff  hardware 
was  used.  Neon  from  a  high-pressure  tank  was  fed  to  a  fast  opening 
valve  which  was  connected  to  a  small  nozzle.  The  hardware  could  be 
mounted  either  on  the  test  stand  with  the  inductive  storage  generator 
or  on  Gamble  II  without  any  alterations;  thereby  assuring  the  same 
mass  loading  in  either  experiment. 

The  fast  opening  valve, a  commercially  available  design,  was 
previously  used  in  fast  Z-pinch  experiments  on  Gamble  II.  The  valve 
is  operated  by  u  current  pulse  from  a  capacitor  discharged  through  a 
solenoid.  A  magnetic  hammer  concentric  with  the  bore  of  the  solenoid 
is  accelerated  by  the  rising  magnetic  field.  Once  accelerated,  the 
hammer  strikes  a  lexan  drum  which  separates  the  high-pressure  plenum 
from  the  vacuum.  The  drum  is  displaced  from  its  position  in  contact 
with  an  0-ring  seal,  and  high-pressure  gas  is  allowed  to  expand  into 
the  vacuum.  The  drum  is  designed  so  that  forces  that  arise  from  a 
pressure  differential  between  the  plenum  and  the  ambient  pressure  are 
perpendicular  to  the  direction  of  motion  of  the  drum.  The 
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FIG.  4.6.  Inductive-storage  generator  a)  with  the  POS  closed  and  b) 
with  the  POS  open  and  coupled  to  the  gas-puff  load. 
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acceleration  of  the  drum  is  therefore  independent  of  the  pressure 
differential,  and  the  time  required  for  the  drum  to  open  is 
independent  of  the  plenum  pressure.  The  fast-opening-valve  hardware 
was  adapted  to  connect  the  valve  to  a  small  brass  nozzle  through  a 
1-cm  inner  diameter,  12-cm  long  flexible  tube.  The  nozzle  had  a 
1.7-mm  diameter  throat  and  a  3-cm  long  contoured- taper  opening  to  an 
exit  diameter  of  1  cm.  This  provided  a  ratio  of  1:35  for  the  entrance 
and  exit  cross-sectional  areas  of  the  nozzle.  The  valve  was  typically 
operated  with  plenum  pressures  between  50  and  150  psi.  A  diagram  of 
the  valve  and  nozzle  is  given  in  Fig.  4.7. 

4.4  Preionization 

In  an  effort  to  achieve  a  reproduceable  discharge  across  the  neon 
gas  puff,  the  gas  was  preionized  by  a  small  capacitor  discharge  in 
parallel  with  the  main  discharge.  Experiments  have  demonstrated  that 
the  initial  degree  of  ionization  influences  the  dynamics  of  a  gas-puff 
implosion^^^"^^^.  Experiments  on  Gamble  II  and  other  pulsed  power 
machines  typically  use  ultraviolet  radiation  from  flashboards  to 
provide  a  small  degree  of  preionization.  Efforts  in  the  present 
experiment  to  implode  the  neon  without  preionization  proved 
unsuccessful.  Therefore,  the  capacitor  discharge  circuit  shown  in 
Fig.  4.8  was  incorporated  to  preionize  the  neon  gas. 

The  preionization  discharge  provided  a  technique  to  visualize  the 
spatial  extent  of  neon  gas  exiting  the  nozzle  at  various  times.  Neon 
was  puffed  through  the  nozzle  toward  the  brass  wires  on  the  center 
conductoi,  which  was  connected  to  the  high  voltage  of  the  preionizing 
circuit.  A  voltage  pulse  of  1.0  to  1.5  kV  from  this  circuit  broke 
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FIG.  4.7.  Schematic  of  the  fast-valve  and  nozzle  assembly. 
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H.V.  Charge 


FIG.  4.8.  Charge  and  trigger  circuit  for  neon  gas  preionization. 
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down  the  neon  gas,  and  the  capacitor  in  the  preionizing  circuit  vas 
discharged  through  the  neon.  This  current  pulse  partially  ionized  the 
neon,  and  light  vas  emitted  throughout  the  volume  of  the  gas.  An 
open-shutter  photograph  of  this  discharge  provided  an  image  of  the 
light-emitting  neon  distribution.  This  200-ns  current  pulse  is  short 
compared  with  the  timescale  of  the  gas  flow  so  that  images  of  the  neon 
at  various  delay  times  could  be  recorded.  The  images  in  Fig.  4.9(a) 
correspond  to  delays  between  the  fast-opening- valve  trigger  and  the 
preionizing-circuit  trigger  of  3.05,  3.10,  3.15,  and  3.25  ms, 
respectively.  A  pressure  sensor  located  at  the  center  conductor  vas 
used  to  determine  the  time  delay  between  the  trigger  signal  for  the 
fast-valve  circuit  and  the  arrival  of  gas  at  the  cathode.  No  signal 
vas  observed  for  the  first  3  ms.  This  time  delay  is  primarily 
associated  with  acceleration  of  the  magnetic  hammer.  An  example  of 
the  pressure-sensor  signal  after  a  time  delay  of  3  ms  is  given  in  Fig. 
4.9(b).  The  times  at  the  bottom  of  the  figure  correspond  to  the 
photographs  in  Fig.  4.9(a). 

Initial  photopumping  experiments  on  the  Gamble  II  generator  were 

carried  out  with  the  fast  valve  connected  to  a  1-cm  diameter  guide 

tube.^’ Measurements  of  the  spacial  distribution  of  the  neon 

with  the  preionizing  discharge  indicated  that  the  gas  distribution 

from  this  guide  tube  vas  grossly  nonuniform.  The  nozzle,  described 

above,  vas  constructed  to  provide  a  more  cylindrical  distribution. 

This  nozzle  produced  a  much  more  uniform  gas  distribution  and  vas  used 

12 

in  subsequent  photopumping  experiments.  The  measurements  in  Fig. 

4.9  were  made  with  this  nozzle. 
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Arb.  Units 


FIG.  4.9.  a)  Open  shutter  photographs  (bottom)  and  b)  pressure  sensor 
signal  (top)  of  neon  gas  puff.  The  numbers  indicate  timing. 
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4.5  Electrical  Measurements 


Electrical  measurements  for  the  neon  Z-pinch  experiment  consisted 
of  four  current  monitors  at  different  locations  as  indicated  in  Figs. 
4.3  (Ij^)  and  Fig.  4.4  (I2,  and  I^).  The  monitor  is  on  the 
preionizing  circuit;  monitor  is  on  the  nozzle;  and  monitors  I2  and 
are  upstream  and  downstream  of  the  POS  in  the  coaxial  vacuum 
inductor.  Typically,  all  four  currents  were  recorded  on  each  shot. 

4.5.1  Preionization 

The  current  monitors  on  the  preionizing  circuit  (Ij^)  and  oa  the 
nozzle  (I^)  provided  a  measure  of  the  time  required  to  break  down  the 
neon  gas  in  the  diode  gap.  An  example  of  these  two  monitor  signals  is 
given  in  Fig.  4.10.  The  initial  rise  in  the  preionizing-circuit 
current  (Ij)  occurs  600  ns  after  the  circuit  is  triggered.  A 
corresponding  signal  is  not  recorded  by  the  nozzle  monitor  (I^) 
because  the  voltage  across  the  neon  gas  puff  has  not  achieved  a  value 
sufficent  to  breakdown  the  gas.  The  accumulation  of  charge  between 
these  two  current  monitors,  indicated  by  the  decay  of  1^^,  is 
understood  as  current  from  the  preionizing  circuit  charging  the 
capacitance  of  the  cables  and  the  cathode.  As  this  current  decays, 
the  voltage  on  the  cathode  increases.  When  the  cathode  voltage  is 
sufficent  to  break  down  the  neon,  a  signal  is  recorded  by  the  nozzle 
monitor  (I^).  At  this  time,  current  is  also  recorded  by  1^  because 
current  flows  to  recharge  the  cathode.  The  time  delay  between  the 
preionization-capacitor  discharge  and  breakdown  of  the  gas-filled  gap 
between  the  center  conductor  and  the  nozzle  (5t)  proved  to  be  a 
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sensitive  function  of  the  delay  (Tq)  between  the  opening  of  the  gas- 
puff  valve  and  triggering  the  preionizing  circuit.  This  delay  (Tq)  is 
3.0  ms  in  Fig.  4.10  .  The  time  delay  (St)  between  triggering  the 
preionizing  circuit  and  gas-breakdown  is  6  us.  The  relationship 
between  these  two  delays  (Tq  and  St)  was  investigated  for  various 
plenum  pressures,  and  the  results  are  presented  in  Fig.  4.11.  The 
delay  St  decreases  sharply  with  increasing  Tq  to  a  value  of  6  to  8  us 
at  different  values  of  Tq,  depending  on  the  pressure.  The  sharp 
decrease  in  St  is  correlated  with  the  sharp  increase  in  gas  pressure 
at  the  cathode  (see  Fig.  4.9).  The  limit  of  6  us  is  imposed  by  the 
time  required  for  the  cathode  voltage  to  increase  to  the  breakdown 
voltage  of  the  neon  gas  puff.  This  voltage  risetime  is  determined  by 
the  RC  time-constant  of  the  preionizer  circuit. 

4.5.2  Z-Pinch 

The  main  current  pulse  was  measured  with  current  monitor  I2 
between  the  vacuum  interface  and  the  POS  region  and  with  current 
monitor  between  the  POS  region  and  the  load.  The  relative 
calibration  of  these  two  monitors  was  made  with  a  short-circuit  load. 
The  absolute  calibration  of  these  monitors  was  made  with  a  low-current 
discharge  through  a  resistive  shunt  of  known  resistance.  An  example 
of  the  current  waveshape  for  these  monitors  without  the  POS  plasma  is 
given  in  Fig.  4.12.  The  current  increases  to  a  peak  value  of  270  kA 
in  a  quarter-period  of  1  us.  An  example  of  the  current  waveshape  of 
the  two  monitors  with  the  POS  is  given  in  Fig.  4.13.  The  upstream 
monitor  I2  measured  the  current  flowing  into  the  POS  region  and  the 
downstream  monitor  measured  the  current  flowing  from  the  switch 
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FIG.  4.10.  a)  Preionizer  current  (I^)  and  b)  nozzle  current  (I^) 
signals  for  a  gas-puff  to  preionization  delay  of  3  ms. 
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FIG.  4.11.  Relation  between  fast-valve  to  preionizer  delay  (Tq)  and 
preionizer  to  breakdown  delay  (St)  for  various  plenum  pressures. 
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FIG.  4.12.  The  current  waveshape  for  a  48-kV  short-circuit  discharge. 
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CURRENT  (kA) 


FIG.  4.13.  Upstream  (I2)  and  downstream  (I^)  currents  for  a  35-kV 
short-circuit  discharge  with  the  POS. 
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region  to  the  load.  The  decrease  of  the  upstream  current  as  the 
downstream  current  increases  is  due  to  the  added  inductive  load  caused 
by  the  rapid  switching  from  one  current  path  to  the  other.  The 
downstream  current  rises  to  140  kA  in  less  than  100  ns. 

Examples  of  the  current  waveshapes  for  monitors  I2  and  with 
the  short  circuit  replaced  by  a  neon  gas-puff  load  are  given  in  Figs. 
4.14  and  4.15  for  a  charging  voltage  of  35  kV.  Without  the  POS  (Fig. 
4.14(a)),  the  current  rises  monotonically  to  125  kA  in  500  ns  as  the 
neon  gas  puff  is  heated  and  imploded.  The  current  waveshape  then 
exhibits  an  abrupt  change  in  slope  for  a  period  of  150  ns.  The 
current  then  continues  to  increase  to  its  peak  value  in  1.1  ps.  The 
changes  in  the  slope  of  the  current  signal  are  indicative  of  the  gas- 
puff  impedance  significantly  loading  the  generator.  An  open-shutter 
photograph  of  the  imploded  neon  plasma,  similar  to  those  of  Fig.  4.9 
(with  considerable  attenuation),  is  given  in  Fig.  4.14(b).  With  the 
POS  (Fig.  4.15(a)),  the  upstream  current  I2  increased  to  200  kA  in  0.5 
US  before  current  was  switched  to  the  load.  The  downstream  current 
increased  to  a  peak  of  150  kA  in  50  ns.  Host  of  the  upstream  current 
was  switched  to  the  load.  Inductive  loading  is  also  apparent  in  the 
downstream  current.  An  open  shutter  photograph  of  the  imploded  plasma 
is  given  in  Fig.  4.15(b). 

4.6  Spectroscopic  Diagnostics 

Measurements  of  soft  X-ray,  extreme  ultraviolet,  and  near 
ultraviolet  radiation  were  used  to  diagnose  the  neon  Z-pinch 
implosion.  Soft  X-ray  emissions  from  Ne  IX  and  Ne  X  ions  were 
recorded  with  a  curved-crystal  spectrograph,  filtered  vacuum  diode. 
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FIG.  4.14.  a)  Current  waveshape  (top)  and  b)  open-shutter  photograph 
(bottom)  for  a  neon  gas-puff  implosion. 


FIG.  4.15.  a) 
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open-shutter  photograph 
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and  filtered  pinhole  camera.  These  diagnostics  are  similar  to  those 
used  in  the  photopumping  experiments  on  the  Gamble  II  generator  and 
direct  comparisons  can  therefore  be  made.  Time-integrated  and  time- 
resolved  extreme  ultraviolet  (XUV)  emissions  were  also  recorded  vith  a 
grazing-incidence  vacuum  spectrograph  and  monochromator. 

Characteristic  radiations  from  Ne  VII,  Ne  VIII  and  Ne  IX  ions  were 
observed  in  time-integrated  spectra.  Time  histories  of  a  few  intense 
Ne  VII  and  Ne  VIII  lines  were  measured.  Near  ultraviolet  (NUV) 
emissions  from  Ne  III  and  Ne  VIII  ions  were  recorded  using  two 
monochromators.  Simultaneous  measurements  were  made  of  the 
ultraviolet  emission  in  the  spectral  region  of  the  Ne  VIII 
Is  3s(  3p(  P2y2)  transition  at  2820  A  in  one  monochromator 

and  of  the  continuum  emission  in  a  nearby  region  in  the  other 
monochromator.  A  gated  optical-multichannel-analyzer  was  mounted  at 
the  exit  of  one  spectrometer  to  give  spectral  and  spacial  resolution. 
Emissions  from  Ne  III  and  Ne  VIII  were  recorded  vith  this  instrument. 
The  arrangement  of  the  spectroscopic  instruments  is  indicated  in  Fig. 
4.16. 
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Chapter  5 


SOFT  X-RAT  EMISSION 

Spectral,  spacial  and  temporal  measurements  of  soft  X-rays  from 
the  neon  implosions  were  made  to  study  the  formation  of  the  Ne  IX  and 
Ne  X  in  the  implosions  and  to  determine  the  electron  density  and 
temperature  of  the  plasma.  An  X-ray  crystal  spectrometer  was  used  for 
spectral  measurements;  a  filtered  pinhole  camera  was  used  to  image 
soft  X-rays;  and  a  filtered  vacuum  diode  provided  time-resolved 
measurements. 

Similar  measurements  of  soft  X-rays  from  neon  implosions  have 

been  made  in  two  experiments  that  are  directly  relevant  to  the  present 

investigation.  Spectra  from  0.9  to  1.4  keV  (8.8  to  13.7  A)  were 

measured  in  the  sodium/neon  photopumping  experiments  on  the  Gamble  II 

generator  and  in  a  study  of  neon  gas-puff  implosions  on  the  Gamble  I 
4  12 

generator.  '  For  the  Gamble  I  experiment,  peak  currents  of  300  to 
500  kA  with  a  100-ns  risetime  were  used.  The  measurements  indicated 
that  Ne  IX  could  be  produced  with  a  driving  current  as  small  as  300  kA 
but  that  the  imploded  neon  was  more  highly  ionized  than  desired  for  a 
lasant  plasma.  Spectra  from  these  tvo  experiments  may  be  compared 
with  spectra  from  the  present  experiments.  The  present  investigation 
extends  these  measurements  to  peak  currents  less  than  100  kA  where 
soft  X-ray  emission  is  no  longer  observed.  This  study  will  identify 


the  optimum  current  to  produce  an  appropriate  neon  lasant  plasma. 

5.1  Spectral  Measurements 

A  convex  curved-crystal  spectrograph  with  a  KAP  crystal  was  used 
to  measure  the  soft  X-ray  spectrum  of  the  neon  plasma  in  the  region 
from  0.9  to  1.4  keV.  A  l-mm  vide  slit,  perpendicular  to  the  Z-pinch 
axis,  provided  limited  special  resolution  along  the  z-axis.  A  thin 
beryllium  filter  was  used  to  remove  ultraviolet  and  visible  light. 
Spectral  intensities  were  deduced  from  measured  film  densities  by 
unfolding  film  response,  filter  absorption,  and  crystal  efficiency. 
This  same  analysis  was  applied  to  spectra  measured  in  the  photopumping 
experiments  on  Gamble  II,  and  therefore  direct  comparisons  can  be 

4 

made.  The  spectrum  recorded  for  a  driving  current  of  250  kA  and  a 

gas-puff  plenum  pressure  of  100  psi  is  given  in  Fig.  5.1(a). 

Transitions  in  Ne  IX  and  Ne  X  are  identified  in  this  figure.  The 

energy  levels  corresponding  to  these  transitions  with  principal 

quantum  numbers  up  to  n=4  are  given  in  Fig.  5.2  for  the  singlet  levels 

and  in  Fig.  5.3  for  the  triplet  levels.  The  energy  levels  were 

49 

calculated  by  Martin  using  Rydberg-Ritz  formulae.  Transitions  for 

Ne  IX  from  principal  quantum  numbers  up  to  six  are  apparent  in  Fig. 

5.1(a).  Transitions  up  to  n«4  are  observed  for  Ne  X.  The  ratio  of 

the  integrated  intensities  of  the  Ne  X  ls-2p  (Lyman-a)  and  Ne  IX 
2 

Is  -ls2p  lines  is  0.2.  The  spectrum  recorded  for  150-kA  current  and 

100-psi  plenum  pressure  is  given  in  Fig.  5.1(b).  Here,  most  of  the 

spectral  intensities  are  a  factor  of  three  smaller  than  in  Fig. 

2 

5.1(a),  and  the  ratio  of  the  Lyman-a  to  the  Ne  IX  Is  -ls2p  line  is 
0.3. 
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FIG.  5.1.  Neon  soft  X-ray  spectra  (a)  for  250-kA  driving  current  (top) 
and  (b)  for  150-lcA  driving  current  (bottom). 
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FIG.  5.3.  Energy-level  diagram  of  Ne  IX  triplet  levels  in  units  of 

-1 

cm 
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Attempts  to  record  meaningful  spectra  from  neon  implosions  using 
the  plasma  opening  switch  (POS)  were  unsuccessful.  With  the  POS,  only 
the  Ne  IX  ls-2p  transition  was  observed  for  implosions  with  100-psi 
plenum  pressure  and  250-kA  current.  Vith  less  plenum  pressure 
considerable  background  fog  was  produced  on  the  film.  The  reduced 
characteristic  soft  X-ray  emission  for  implosions  vith  the  POS  was 
also  apparent  in  pinhole-camera  images  to  be  discussed  in  Sec.  5.2. 

Spectra  measured  for  neon  implosions  on  Gamble  II  are  given  in 

Fig.  5.4.  These  spectra,  obtained  vith  a  1-cm  diameter  nozzle  and 

100-psi  plenum  pressure,  may  be  compared  directly  with  the  spectra  in 

Fig.  5.1.  The  150-kA  spectra  appear  very  similar  in  intensity  and 

spectral  composition.  The  250-kA  spectra  appear  considerably 

2 

different.  The  intensity  of  the  Ne  IX  Is  -ls2p  transition  is  a 
factor-of-two  larger  in  the  present  experiment  than  in  the  Gamble  II 
experiment,  while  the  Lyman-a  transitions  have  similar  intensities. 
Time-resolved  measurements  provide  a  possible  explanation  for  this 
difference  and  will  be  discussed  in  Sec.  5.3. 

5.2  Pinhole-Camera  Images 

Time-integrated  images  of  the  soft  X-ray  emission  were  recorded 
vith  a  pinhole  camera  and  Kodak  2492  film.  A  200-iim  diameter  pinhole 
and  a  magnification  of  0.75  were  used.  The  combination  of  a  6-um 
thick  aluminum  filter  and  the  2492  film  provided  optimum  sensitivity 
for  the  0.9-  to  1.5-keV  photons  from  resonant  transition';  of  Ne  IX  and 
Ne  X.  Details  of  the  pinhole  camera  can  be  found  in  Appendix  D.l.  An 
example  of  a  soft  X-ray  image  for  a  neon  implosion  without  the  POS  is 
shown  in  Fig.  5.5  (a).  Six  small  regions  of  emission  spaced  at 
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FIG.  5.5.  Images  of  neon  soft  X-ray  emission  (a)  without  the  plasma 
opening  switch  (POS)  and  (b)  with  the  POS. 
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irregular  intervals  along  the  length  of  the  plasma  can  be  seen. 
Densitometer  traces  of  these  images  indicate  that  the  size  of  the 
regions  of  emission  are  at  or  below  a  diameter  of  470  pm  (see  Appendix 
D.1.1).  An  example  of  an  X-ray  image  for  an  implosion  with  the  POS  is 
shown  in  Fig.  5.5  (b).  Two  small  regions  of  emission  are  seen  midway 
between  the  nozzle  and  the  cathode,  and  one  small  region  of  emission 
is  seen  near  the  cathode.  Densitometer  traces  indicate  a  considerable 
reduction  in  film  density  for  the  image  in  Fig.  5.5  (b)  compared  with 
that  in  Fig.  5.5  (a)  (see  Appendix  D.1.1). 

5.3  X-Ray  Diode  Measurements 

A  vacuum  diode  was  used  to  record  time  histories  of  soft  X-ray 
emission.  A  0.5-ym  thick  aluminum  filter  plus  a  2.0-um  thick 
polycarbonate  (Kimfol)  filter  and  a  nickel  cathode  were  used.  This 
combination  of  filter  and  cathode  provides  a  sharply  peaked  response 
for  0.83-  to  l.S6-keV  photons  (see  Appendix  D.1.2),  which  includes  the 
resonant  transitions  of  Ne  IX  and  Ne  X.  Vacuum-diode  signals  are 
given  in  Figs.  5.6  and  5.7  for  implosions  corresponding  to  the  spectra 
in  Figs.  5.1  (a)  and  5.1  (b),  respectively.  The  peaks  in  the  signal 
in  Fig.  5.6  occur  at  times  of  0.85  and  1.2  us  corresponding  to  when 
the  gas-puff  impedance  significantly  loads  the  generator,  as 
previously  discussed.  The  occurrence  of  two  peaks  in  the  signal  could 
explain  the  difference  in  the  time-integrated  spectra  of  Figs.  5.1(a) 
and  5.4(a).  Only  one  emission  peak  was  observed  for  the  implosion  on 
the  Gamble  II  generator. 
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FIG.  5.6.  Soft  X-ray  diode  signals  and  current  for  a  neon  implosion 
driven  with  250  kA. 
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CURRENT 


FIG.  5.7.  Soft  X-ray  diode  signals  and  current  for  a  neon  implosion 
driven  with  150  kA. 
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5.4  Analysis 


The  soft  X-ray  measurements  were  used  to  estimate  the  conditions 
of  the  neon  plasma.  The  soft  X-ray  images  indicated  several  small 
regions  with  diameters  less  than  500  um,  and  the  vacuum-diode  signals 
indicated  multiple  peaks  in  the  soft  X-ray  output.  The  spectral 
measurements  were  used  to  estimate  electron  density  and  temperature. 

5.4.1  Electron  Density 

The  electron  density  was  estimated  from  the  advanced  series  limit 

of  the  Ne  IX  resonance  series.  For  the  spectrum  in  Fig.  5.1(a), 

transitions  from  above  the  n>r7  level  have  merged  to  form  the  advanced 

series  limit  (Eq.  A. 21).  The  density  dependence  of  the  series  limit 

is  given  in  Fig.  5.8  for  Ne  VIII  and  Ne  IX.  A  limit  of  seven  for  Ne 

20  -3 

IX  indicates  an  electron  density  of  3  x  10  cm  .  This  limit  vas 

determined  by  comparing  the  Stark  widths  of  the  spectral  lines  with 

the  separation  of  the  energy  levels,  which  converge  at  ns7. 

The  electron  density  vas  also  estimated  from  the  ratio  of  the 

intensities  of  the  Ne  IX  1s(^Sq)-2p(^Pj^)  resonance  line  and  the  Ne  IX 
1  3 

ls(  Sq)-2p(  Pj^)  intercombination  line.  The  density  dependence  of  this 

ratio  vas  inferred  from  the  calculations  of  Boiko. This  ratio  is 

four  for  the  spectrum  in  Fig.  5.1(a)  implying  an  electron  density  of 
19  -3 

10  cm  .  This  estimate  assumes  that  the  plasma  is  optically  thin 
and  therefore  is  a  lover  limit  if  the  plasma  is  optically  thick  to  the 
Ne  IX  resonance  line. 
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FIG.  5.8.  Inglis-Teller  limit  for  Ne  IX  (solid)  and  Ne  VIII  (dashed). 
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5.4.2  Electron  Tenperature 


The  electron  temperature  was  estimated  from  the  free-bound 

recombination  continuum  in  the  spectra.  The  slope  of  this 

recombination  continuum  provides  a  direct  measure  of  the  electron 

temperature  according  to  Eq.  A. 25.  The  Ne  IX  recombination  continuum 

in  Fig.  5.1(a)  indicates  an  electron  temperature  of  300  eV. 

The  relative  populations  of  the  excited  states  of  different  ions 

can  also  be  used  to  determine  the  electron  temperature.  The  relative 

intensities  of  line  emissions  from  different  ions  can  be  used  to 

measure  the  relative  populations  of  the  corresponding  levels. 

Comparisons  of  these  relative  populations  with  atomic-physics-model 

predictions  can  be  used  to  determine  the  electron  temperature.  Vhen 

comparing  relative  intensities  of  spectral  lines,  care  must  be  taken 

to  select  optically  thin  lines.  Opacities  were  evaluated  for  the  Ne 

IX  lines  observed  in  this  experiment.  An  estimate  of  the  physical 

depth  for  an  optical  depth  of  unity  for  the  first  three  transitions  of 

the  Ne  IX  resonant  series  was  presented  in  Fig.  2.5  for  various 

19  -3 

temperatures  and  an  electron  density  of  10  cm  (assuming  z>8  and 

Doppler  broadening  with  T^-T^).  For  a  0.5-mm  diameter  neon  plasma  at 

19  -3 

an  electron  density  of  10  cm  ,  an  optical  depth  of  up  to  50  is 

expected  for  the  Is  -ls2p  transition.  Optical  depths  of  five  and  one 

2  2 

are  expected  for  the  Is  -ls3p  and  Is  -ls4p  transitions,  respectively. 

2  2 

Therefore,  measured  intensities  of  the  Is  -ls2p  and  Is  -ls3p 
transitions  are  not  representative  of  the  upper-level  populations. 

The  atomic-physics  model  appropriate  to  describe  the  populations 
depends  on  the  electron  density.  The  level  populations  above  n=4  are 
expected  to  be  in  local  thermodynamic  equilibrium  (LTE)  with  respect 
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20  3 

to  higher  levels  for  electron  densities  above  10  cm  .  The  ratio  of 

2  2 

the  integrated  intensities  of  the  Is  -ls5p  and  the  Is  -ls4p 

transitions  suggests  a  temperature  of  300  eV,  based  on  Eqs.  A. 6  and 

A. 17.  For  electron  densities  where  these  calculations  are  expected  to 
2 

be  valid,  the  Is  -IsAp  transition  may  be  optically  thick,  and  this  300 

eV  temperature  therefore  represents  an  upper  limit. 

19  20  3 

For  electron  densities  between  10  and  10  cm  ,  the  levels  are 
expected  to  be  in  collisional-radiative-equilibrium  (CRE).  A  CRE 
model  has  been  used  to  interpret  neon  spectra  from  Z-pinch  plasmas 
produced  by  various  pulsed  power  generators.  The  ratio  of  the  Lyman-oc 
line  to  the  Ne  IX  resonance  transition  for  spectra  from  three 
different  generators,  and  the  corresponding  temperature  estimated  from 
those  spectra,  were  given  in  Table  3.2.  A  comparison  of  the  ratio  of 
the  Lyman-a  line  and  the  Ne  IX  resonance  transition  in  Fig.  5.1(a) 
with  the  results  in  Table  3.2,  indicates  that  the  electron  temperature 
is  less  than  150  eV. 
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Chapter  6 


EXTREME  VACUUM  ULTRAVIOLET  EMISSION 

Extreme  ultraviolet  emission  in  the  region  of  120  to  280  eV  has 
been  studied  to  extend  the  investigation  of  neon  implosions  to 
conditions  where  the  soft  X-ray  (900-1200  eV)  emission  discussed  in 
the  previous  chapter  is  no  longer  observed.  Those  measurements  were 
carried  out  for  driving  currents  of  160  to  280  kA  and  with  mass 
loadings  and  gas  -puff  geometry  similar  to  the  photopumping  experiments 
on  Gamble  II.  Analysis  of  the  Ne  IX  and  Ne  X  emissions  in  Chapter  5 
indicated  that  higher  temperatures  and  densities  than  desired  could  be 
achieved.  The  large  energy  separation  between  the  ground  state  and 
the  excited  levels  of  Ne  IX  (>  920  eV)  requires  a  high  electron 
temperature  to  produce  measureable  radiation  from  these  levels.  The 
energy  separation  between  the  excited  levels  of  Ne  VIII  and  the  ground 
state  of  Ne  IX  (<  100  eV)  is  considerably  smaller,  so  that  significant 
population  of  the  Ne  IX  ground  state  by  collisions  occurs  for  an 
electron  energy  distribution  of  much  lower  temperature.  Radiation 
from  the  excited  levels  of  Ne  VIII  is  therefore  more  appropriate  for 
measuring  conditions  present  in  a  plasma  with  a  significant  number  of 
ions  in  the  ground  state  of  Ne  IX  and  relatively  few  in  the  excited 
levels  of  Ne  IX.  These  energy  separations  are  apparent  in  the  partial 
energy-level  diagram  of  Ne  IX  and  Ne  VIII  presented  in  Sec.  1.3  (Fig. 
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1.4).  The  present  extreme  ult*‘aviolet  (XUV)  measurements  of  Ne  VIII 
transitions,  as  veil  as  of  Ne  VII,  will  be  used  to  determine  the 
implosion  parameters  required  to  produce  the  conditions  desired  for  a 
neon  lasant  plasma.  The  measurements  in  Chapter  5  indicated  that  soft 
X-ray  radiation  was  emitted  from  regions  less  than  0.5  mm  in  diameter 
distributed  at  intervals  of  about  5  mm  along  the  Z-pinch.  The  present 
XUV  measurements  will  be  used  to  determine  the  plasma  conditions  in 
regions  where  no  soft  X-ray  emission  is  seen.  Results  of  these 
measurements  will  be  compared  with  an  appropriate  model  to  estimate 
plasma  conditions. 

When  the  soft  X-ray  spectra  in  Chapter  5  were  recorded,  an  X-ray 
vacuum  diode  was  used  to  monitor  the  time  history  of  the  soft  X-ray 
power.  A  similar  vacuum  diode  was  used  to  monitor  the  soft  X-ray 
power  when  the  XUV  measurements  were  carried  out.  Four  different  XUV 
techniques  were  used  to  measure  properties  of  the  plasma  in  four 
different  sessions.  First,  a  vacuum  diode  filtered  for  peak  response 
in  the  region  of  150  to  280  eV  was  used  to  record  the  time  history  of 
XUV  radiation.  Second,  a  pinhole  camera  filtered  for  peak  response  in 
the  region  of  160  to  280  eV  vas  used  to  record  the  special 
distribution  of  XUV  emission.  Third,  time-integrated  spectra  were 
recorded  with  a  1-meter  grazing-incidence  spectrograph  to  Investigate 
the  spectral  content  of  the  XUV  emission  in  the  region  of  120  to  220 
eV.  Fourth,  time-resolved  Ne  VIII  line  radiation  vas  recorded  with  a 
grazing-incidence  monochromator  to  determine  the  time  history  of 
emission  from  that  ionization  state.  These  measurements  were  combined 
with  steady-state  and  time-dependent  atomic-physics  models  to 
determine  the  neon  plasma  conditions. 
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6.1  X-ray  Diode  Neasureaents 


A  vacuum  diode  designed  for  peak  sensitivity  in  the  region  of  150 
to  280  eV  was  used  to  record  the  time  histoiry  of  XUV  emission  from  the 
neon  implosion  (see  Appendix  D.1.2).  The  filter  material  was  a  l.S-gm 
polycarbonate  film  (kimfol)  with  a  O.l-ym  thick  aluminum  coating,  and 
the  cathode  of  the  diode  was  aluminum.  Simultanous  soft  X-ray  and  XUV 
measurements  were  made  to  determine  the  relative  power  radiated  in 
these  two  spectral  regions.  Also,  soft  X-ray  diode  measurements  were 
taken  simultaneously  with  XUV  pinhole-camera  images  and  grazing- 
incidence  spectra  in  an  effort  to  monitor  the  reproducibility  of  the 
implosions.  These  measurements  were  made  for  various  driving  currents 
and  mass  loadings,  both  with  and  without  the  plasma  opening  switch 
(POS). 

Simultaneous  time  histories  of  soft  X-ray  and  XUV  emissions  for 
neon  implosions  obtained  with  two  different  capacitor  charging 
voltages  are  given  in  Fig.  6.1»  along  with  the  corresponding  currents. 
The  45-kV  discharge  produced  a  peak  current  of  230  kA,  and  the  25-kV 
discharge  produced  a  peak  current  of  160  kA.  X-ray  emissions  occur  at 
0.45  PS  and  1.1  ps  in  Fig.  6.1(a)  and  at  0.55  ps  and  1.3  ps  in  Fig. 
6.1(b).  The  peak  soft  X-ray  signal  in  Fig.  6.1(a)  at  0.45  ps 
corresponds  to  12  MW  radiated  into  4ii  solid  angle  (see  Appendix 
D.1.2),  and  the  total  integrated  power  is  0.75  J.  The  peak  XUV  signal 
in  Fig.  6.1(a)  at  0.45  ps  corresponds  to  17  M’.’  radiated  into  4n  solid 
angle,  and  the  total  integrated  power  is  1.5  J. 

Simultaneous  time-histories  of  soft  X-ray  and  XUV  emissions  for 
neon  implosions  driven  by  45-  and  25-kV  capacitor  discharges  with  the 
POS  are  given  in  Fig.  6.2,  along  with  the  corresponding  currents 
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FIG.  6.1.  Current  (solid),  XUV  (dashed),  and  soft  X-ray  (dot-dash) 
signals  from  neon  implosions  driven  by  capacitor  discharges  of  (a)  45 
kV  (top)  and  (b)  25  kV  (bottom). 


POwar  <MW)  pOwar  (MW) 


driving  the  implosions.  The  4S-kV  discharge  produced  a  peak  current 
of  200  kA,  and  the  25-kV  discharge  produced  a  peak  current  of  150  kA. 
Peak  emissions  occurred  near  0.10  ys  and  0.26  ys  after  the  beginning 
of  the  current  signal  in  Fig.  6.2(a),  and  at  0.19  ys  after  the  start 
of  the  current  signal  in  Pig.  6.2(b).  The  peak  soft  X-ray  signal  in 
Fig.  6.2(a)  near  0.10  ys  corresponds  to  7  HV  radiated  into  4n  solid 
angle,  and  the  total  integrated  power  is  0.15  J.  The  peak  XUV  signal 
in  Fig.  6.2(a)  near  0.10  ys  corresponds  to  9  MV  radiated  into  4n  solid 
angle,  and  the  total  integrated  power  is  0.8  J.  The  measurements 
presented  in  Figs.  6.1  and  6.2  were  obtained  with  a  gas-puff  plenum 
pressure  of  50  psi. 

6.1.1  Current  Variations 

Peak  powers  recorded  with  X-ray  diodes  for  implosions  driven  by 
different  currents  with  and  without  the  POS  are  presented  in  Fig.  6.3. 
These  soft  X-ray  powers  were  measured  in  three  different  sessions.  In 
one  session  soft  X-ray  and  XUV  powers  were  measured  simultaneously, 
similar  to  the  data  in  Figs.  6.1  and  6.2.  In  addition,  soft  X-ray 
powers  measured  simultaneously  with  pinhole-camera  images  and  grazing- 
incidence  spectra  are  included  in  Figs.  6.3(a).  These  soft  X-ray  data 
provide  a  measure  of  the  reproducibility  of  the  implosions  over  the 
course  of  the  experiment.  The  peak  power  was  selected  for  this 
comparison,  rather  than  the  integrated  energy,  because  the  peak  power 
usually  corresponds  to  the  first  radiation  pulse  when  more  than  one 
pulse  is  observed.  If  the  integrated  energy  were  selected  for  this 
comparison,  it  is  ambiguous  whether  the  integral  should  include 
multiple  pulses  or  only  one  pulse. 
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FIG.  6.2.  Current  (solid),  XUV  (dashed),  and  soft  X-ray  (dot-dash) 
signals  from  neon  implosions  driven  by  (a)  45-kV  (top)  and  (b)  25-kV 
(bottom)  capacitor  discharge  with  the  plasma  opening  svitch. 
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FIG.  6.3.  Dependence  of  soft  X^ray  (solid)  and  XUV  (dotted)  peak 
powers  on  peak  current  for  capacitor  discharges  (a)  without  the  plasma 
opening  switch  (POS)  and  (b)  with  the  POS. 
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The  error  bars  in  Fig.  6.3  represent  a  measure  of  the  reproducibility 
of  the  signals  during  each  session.  The  data  in  Fig.  6.3  are  for 
implosions  vith  100-psi  gas-puff  plenum  pressure. 

The  power  radiated  increases  vith  current  for  both  XUV  and  the 
soft  x-ray  emissions.  Less  power  is  radiated  for  implosions  driven  by 
the  fast-risetime  current  than  by  the  slov-risetime  current  for 
similar  charging  voltages  and  correspondingly  similar  peak  currents. 

6.1.2  Mass-Load  Variations 

Soft  X-ray  and  XUV  peak  powers  for  implosions  driven  by  similar 
peak  currents  but  vith  different  gas-puff  plenum  pressures  are 
presented  in  Fig.  6.4.  The  power  is  only  weakly  dependent  on  the  gas- 
puff  plenum  pressure  and  may  either  increase  or  decrease  vith 
pressure,  depending  on  the  current  risetime.  The  emissions  in  Fig. 

6.4  are  for  implosions  driven  by  peak  currents  of  200  kA.  For 
implosions  driven  by  the  slov-risetime  current,  the  ratio  of  the  XUV 
to  soft  X-ray  intensity  increases  vith  increasing  pressure.  For 
implosions  driven  by  the  fast-risetime  current,  the  radiated  power 
decreases  vith  increasing  pressure,  and  the  ratio  of  the  XUV  to  soft 
X-ray  intensity  decreases  vith  increasing  plenum  pressure. 

6.2  Pinhole-Camera  Measurements 

A  pinhole  camera  designed  to  image  150-  to  280-eV  radiation  was 
used  to  record  special  distributions  for  various  currents  and  mass 
loadings,  both  vith  and  without  the  POS.  The  details  of  the  pinhole- 
camera  geometry,  the  filter  material,  and  the  recording  film  are 


103 


Radiated  Power  (MW)  Radiated  Power  (MW) 
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FIG.  6.4.  Dependence  of  soft  X->ray  (solid)  and  XUV  (dotted)  peak 
powers  on  gas-puff  pressure  for  capacitor  discharges  (a)  without  the 
plasma  opening  switch  (POS)  (b)  with  the  POS. 
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described  in  Appendix  D.1.1. 


6.2.1  Current  Variations 

Images  of  XUV  emission  for  implosions  driven  by  different 
currents  are  presented  in  Fig.  6.5(a).  The  locations  of  the  nozzle 
and  the  cathode  are  indicated  at  the  top  of  the  figure.  Open-shutter 
photographs  of  visible-light  emission  for  implosions  with  similar 
currents  are  presented  in  Fig.  6.5(b).  For  XUV  emission,  the  length 
of  the  emitting  region  increases  with  current  up  to  180  kA;  at  which 
level  the  emission  spans  the  cathode-to-nozzle  gap.  The  appearance  of 
localized  regions  of  XUV  emission  in  the  image  for  130  kA  and  the 
increase  in  the  number  and  intensity  of  these  localized  regions  with 
increasing  current  above  130  kA  is  correlated  with  the  appearance  of 
axially  nonuniform  regions  in  the  open-shutter  pictures.  A  detailed 
comparison  of  the  features  in  the  XUV  and  visible-light  Images  in  Fig. 
6.5  is  not  possible  because  they  were  not  taken  on  the  same  shot. 

Radial  dimensions  of  the  plasma  were  determined  from  film  density 
measurements  by  scanning  the  images  with  a  densitometer  transverse  to 
the  Z-pinch  axis.  The  full-width  at  half-maximum  of  the  XUV  images 
ranged  from  0.4  to  2.0  mm  depending  on  the  axial  location.  It  is 
worth  noting  that  for  two  of  the  visible-light  images  the  maximum 
intensity  was  not  on  axis,  but  two  peaks  located  symmetrically  off 
axis  were  observed  along  a  limited  length  of  the  pinch.  These 
occurred  for  the  90-  and  180-kA  currents  in  Fig.  6.5.  Possible 
explanations  for  these  off-axis  peaks  could  be  either  limb  brightning 
of  a  cylindrical  shell  of  light-emitting  plasma  or  the  occurrence  of 
multiple  events  in  a  time-integrated  picture. 
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FIG.  6.5.  (a)  Pinhole-camera  images  of  XUV  radiation  (LHS)  and  (b) 
visible-light  open-shutter  photographs  (RHS)  for  different  currents. 
The  location  of  the  nozzle  and  cathode  are  shown  at  the  top  of  the  XUV 
images.  (All  photos  were  taken  on  different  shots.) 
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Pinhole-camera  images  of  XUV  emission  for  implosions  driven  by 
different  peak  currents  with  the  POS  are  presented  in  Fig.  6.6(a). 
Open-shutter  visible-light  photographs  for  implosions  with  similar 
currents  are  presented  in  Fig.  6.6(b).  A  correlation  between  the 
appearance  of  localized  regions  of  XUV  emission  and  the  appearance  of 
axial  nonuniformities  in  the  visible-light  emission  with  increasing 
current  is  observed,  similar  to  that  with  the  slow-risetime  current. 
Two  off-center  peaks  of  emission  are  seen  in  the  visible-light  image 
in  Fig.  6.6(b)  for  160  kA.  The  implosions  imaged  in  Figs.  6.5  and  6.6 
were  produced  with  100-psi  gas-puff  plenum  pressure. 

6.2.2  Mass-Load  Variations 

Images  of  XUV  radiation  for  implosions  driven  by  similar  currents 
but  with  different  gas-puff  plenum  pressure  are  presented  in  Fig.  6.7. 
For  the  image  with  50-psi  plenum  pressure  in  Fig.  6.7(a)  two  intensity 
peaks  located  symmetrically  off  axis  are  observed  along  a  limited 
length  of  the  pinch.  Examples  of  radial  densitometer  scans  of  this 
image  can  be  found  in  Appendix  D.l.  Increasing  the  pressure  to  150 
psi  increased  the  emission  beyond  the  dynamic  range  of  the  film  so 
detailed  structure  cannot  be  resolved.  In  Fig.  6.7(b),  images  of  XUV 
emission  are  presented  for  implosions  with  the  POS.  Increasing  the 
plenum  pressure  to  100  psi  increases  the  axial  nonuniformity.  The 
implosions  in  Fig.  6.7(a)  were  obtained  with  a  peak  current  of  165  kA, 
and  the  Implosions  in  Fig.  6.7(b)  were  obtained  with  a  peak  current  of 
190  kA. 
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FIG.  6.6.  (a)  Pinhole-camera  images  of  XUV  radiation  (LHS)  and  (b) 
visible-light  open-shutter  photographs  (RHS)  for  different  currents 
with  the  plasma  opening  switch.  The  location  of  the  nozzle  and 
cathode  are  shown  at  the  top  of  the  XUV  images. 
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FIG.  6.7.  XUV  images  for  different  gas-puff  plenum  pressures  (a) 
without  the  plasma  opening  switch  (POS)  and  (b)  with  the  POS.  The 
location  of  the  nozzle  and  the  cathode  as  shown  at  the  top. 
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6.3  Grazing  Incidence  spectra 


Extreme  ultraviolet  spectra  of  neon  implosions  were  measured  with 
a  1-meter  grazing-incidence  spectrograph.  Spectral  lines  were 
identified  from  tables  of  wavelengths  and  the  dimensions  of  the 
spectrograph. Transitions  from  Ne  VI  through  Ne  IX  ions  were 
identified  in  time-integrated  spectra.  Spectra  produced  by  Implosions 
with  various  currents  and  gas-puff  plenum  pressures,  both  with  and 
without  the  POS,  were  compared.  These  results,  along  with  the  time- 
resolved  measurements  discussed  in  Sec.  6.4,  were  compared  with  an 
appropriate  plasma  model  to  interprete  the  spectral  variations. 

The  spectrograph  is  described  in  detail  in  Appendix  D.2  and  a 
brief  description  is  given  here.  The  spectrograph  entrance  slit  was 
perpendicular  to  the  Z-plnch  axis  and  viewed  the  entire  diameter  of  a 
6-mm  long  section  of  the  pinch.  A  lO-pm  entrance  slit  produced  an 
instrumental  line  width  of  0.25  A  for  100-A  radiation.  The 
1200-llne/mm  grating  produced  a  linear  dispersion  along  the  Rowland 
circle  of  1.3  A/mm. 

Measured  spectra  were  scanned  with  a  densitometer  to  record 
diffuse  film  density  as  a  function  of  distance  along  the  Rowland 
circle.  An  example  of  a  neon  spectrum  between  120  and  220  eV  (55  and 
105  A)  is  given  in  Fig.  6.8.  This  spectrum  was  produced  by  the 
implosion  of  a  100-psi  neon  gas  puff  with  a  150-kA  peak  current. 
Various  2s-np  and  2p-nd  transitions  of  Ne  VIII  are  identified  for  n=3 
to  n=6.  Weaker  transitions  from  Ne  VII  are  also  indicated. 
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FIG.  6.8.  XUV  spectrum  from  the  implosion  of  a  neon  gas-puff  with 
150-kA  peak  current  and  100-psi  plenum  pressure.  Lines  from  Ne  VIII 
and  Ne  VII  are  identified. 
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6.3.1  Current  Variations 


Grazing-incidence  spectra  for  neon  implosions  driven  by  200-kA 
and  ISO-kA  peak  currents  are  compared  in  Fig.  6.9.  As  the  current  is 
increased,  the  Ne  VIII  lines  increase  in  intensity  relative  to  the  Ne 

VII  lines.  This  can  be  seen  by  comparing  the  Ne  VII  transitions  at  94 
to  97  A  to  the  Ne  VIII  transitions  at  66  to  73  A.  These  lines  are 
chosen  because  they  are  of  comparable  density  so  non-linear  film- 
density  effects  are  minimized.  Grazing-incidence  spectra  for  neon 
implosions  driven  by  200-kA  and  150-kA  currents  with  the  POS  are 
compared  in  Fig.  6.10.  The  film  density  in  Fig.  6.10(a)  is  similar  to 
that  of  Figs.  6.9(a)  and  (b),  but  with  the  fast-risetime  current  the 
spectral  Intensity  decreases  considerably  as  the  current  is  decreased. 
The  ratio  of  the  various  Ne  VIII  and  Ne  VII  lines  in  Fig.  6.10  is 
similar  to  that  in  Fig.  6.9.  A  Ne  IX  line,  the  Is2p-ls3d  transition 
at  78.3  A  is  observed  in  the  spectra  of  Fig.  6.9,  whereas  this  line  is 
not  present  in  Fig.  6.10.  The  spectra  in  Figs.  6.9  and  6.10  were 
obtained  with  100-psi  plenum  pressure. 

6.3.2  Mass-Load  Variations 

Grazing-incidence  spectra  for  neon  implosions  with  different  gas- 
puff  plenum  pressures  are  presented  in  Fig.  6.11.  As  the  plenum 
pressure  is  decreased,  the  Ne  IX  line  at  78.3  A  increases  relative  to 
the  Ne  VIII  lines,  and  the  Ne  VII  lines  decrease  relative  to  the  Ne 

VIII  lines.  Grazing-incidence  spectra  for  neon  implosions  with  the 
POS  are  presented  in  Fig.  6.12.  As  the  plenum  pressure  is  decreased 
from  150  to  50  psi  the  Ne  VIII  lines  at  66  to  73  A  increase 
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FIG.  6.9.  Neon  spectra  without  the  plasma  opening  switch  (a)  for 
200-kA  peak  current  and  (b)  for  150-kA  peak  current,. 
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FIG.  6.10.  Neon  spectra  with  the  plasma  opening  switch  (a)  for  200-kA 
peak  current  and  (b)  for  150-kA  peak  current. 
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FIG.  6.11.  Neon  spectra  without  the  plasma  opening  switch  for  (a) 
150-psi  plenum  pressure  and  (b)  50-psl  plenum  pressure. 
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FIG.  6.12.  Neon  spectra  with  the  plasma  opening  switch  for  (a)  150-psi 
plenum  pressure  and  (b)  50-psi  plenum  pressure. 
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considerably  relative  to  the  Ne  VII  lines  at  94  to  97  A,  and  the  Ne  IX 
line  at  78.3  A  appears.  The  spectra  in  Figs.  6.11  and  6.12  were 
obtained  for  implosions  driven  by  peak  currents  of  200  kA. 

6.4  Extreme  Vacuum  Ultraviolet  Monochromator 

Time-resolved  XUV  radiation  from  Ne  VIII  vas  measured  with  a 

grazing-incidence  monochromator.  A  35-Mm  vide  exit  slit  mounted  on 

the  Rowland  circle  provided  spectral  resolution.  Fluorescence  of  a 

thin  layer  of  p-terphenyl  mounted  behind  the  exit  slit  vas  recorded 

with  a  photomultiplier  tube  mounted  outside  the  vacuum  system. 

Details  of  the  grazing-incidence  monochromator  can  be  found  in 

Appendix  D.2.2.  The  Ne  VIII  ls^2s-ls^3p  3/2^  transitions 

at  88.09  and  88.13  A  (141  eV)  were  measured  for  various  plenum 

2  2 

pressures,  driving  currents,  and  current  risetimes.  The  Is  2s-ls  3p 

2 

transition  vas  chosen  because  a  simultaneous  measurement  of  the  Is  3s- 
Is  3p  transition  at  2820.7  A  can  provide  a  relative  calibration  of  the 
grazing-incidence  and  near  ultraviolet  (NUV)  spectrographs  by  the 
branching-ratio  technique,  as  will  be  discussed  in  Chapter  7.  Time 
histories  of  the  Ne  VIII  88-A  emission  are  compared  with  simultaneous 
soft  X-ray  measurements  in  Fig.  6.13(a).  Vithout  the  POS,  tvo  peaks 
are  seen  in  both  the  88-A  and  soft  X-ray  signals  near  0.6  us  and  1.2 
us  after  the  current  starts.  The  Ne  VIII  signal  precedes  the  soft  X- 
ray  signal  by  40  ns  for  both  peaks.  The  relative  intensity  of  the 
88-A  and  soft  X-ray  signals  changes  drastically,  being  nearly  equal 
for  the  first  peaK  to  greater  than  nine  for  the  second  peak.  These 
observations  will  be  discussed  further  in  Secs.  6.4.3  and  6.5.2.  A 
similar  comparison  of  88-A  and  soft  X-ray  time-histories  for  an 
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FIG.  6.13.  Tine  histories  of  88-A  (solid)  and  soft  X-ray  (dashed) 
emissions  for  neon  implosions  (a)  without  the  POS  (top)  and  (b)  with 
the  POS  (bottom).  The  current  (dotted)  driving  each  implosion  is  also 
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implosion  with  the  POS  is  given  in  Fig.  6.13(b).  Again,  tvo  peaks  are 
seen  in  the  soft  X-ray  signal,  the  first  300  ns  after  the  current 
starts  and  then  700  ns.  The  88-A  emission  is  considerably  reduced 
compared  with  that  in  Fig.  6.13(a),  and  the  emission  occurs  over  a 
longer  time  interval,  including  the  times  of  soft  X-ray  emission.  The 
gas-puff  plenum  pressure  was  100  psi  for  both  implosions  in  Fig.  6.13. 

6.4.1  Current  Variations 

Comparisons  of  the  Ne  VIII  88-A  emission  for  different  capacitor 
charging  voltages  are  presented  in  Figs.  6.14  and  6.15.  Time 
histories  of  88-A  emission  for  tvo  different  charging  voltages  and  the 
corresponding  current  traces  are  given  in  Fig.  6.14.  Peak  currents  of 
140  and  200  kA  were  measured  for  the  35-  and  45-kV  charging  voltages, 
respectively.  Multiple  peaks  in  the  Ne  VIII  emission  are  observed. 

As  the  charging  voltage  is  increased,  the  intensity  of  emission 
increases  and  the  time  of  peak  signal  decreases  relative  to  the  start 
of  the  current.  The  first  peak  occurs  prior  to  peak  current  in  both 
cases.  The  second  peak  occurs  near  peak  current  for  35-kV  charge.  Ne 
VIII  88-A  time  histories  and  current  traces  are  given  in  Fig.  6.15  for 
implosions  with  the  POS.  Peak  currents  of  115  and  190  kA  vere 
measured  for  charging  voltages  of  35  and  45  kV,  respectively. 
Differences  in  the  opening  switch  plasma  resulted  in  different  current 
rlsetimes:  100  ns  in  Fig.  6.15(a)  and  50  ns  in  Fig.  6.15(b).  In  all 
cases  the  implosions  occur  earlier  in  time  for  larger  current  as 
expected.  Also,  the  88-A  emission  is  larger  for  the  slower  risetime 
current. 
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FIG.  6.14.  Ne  VIII  88-A  emissions  and  currents  for  charging  voltages 
of  35  kV  (dashed)  and  45  kV  (solid). 
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FIG.  6.15.  Ne  VIII  88-A  emission  and  currents  for  charging  voltages  of 
35  kV  (dashed)  and  45  kV  (solid)  vith  the  plasma  opening  switch  for 
current  risetimes  of  (a)  100  ns  (top)  and  (b)  50  ns,  (bottom). 
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6.4.2  Mass-Load  Variations 

Comparisons  of  Ne  VIII  88-A  emission  for  different  mass  loadings 
are  presented  in  Fig.  6.16.  Measurements  for  plenum  pressures  of  50 
and  150  psi  vithout  the  plasma  opening  switch  are  given  in  Fig.  6.16 
(a).  The  first  XUV  peak  occurs  slightly  later  (600  ns  versus  550  ns) 
for  larger  plenum  pressure,  and  the  second  XUV  peak  occurs 
considerably  later  (1.25  ps  versus  1.1  ps)  for  larger  plenum  pressure. 
The  relative  intensity  of  the  88-A  signal  at  the  first  peak  to  that  at 
the  second  peak  decreases  from  2  to  0.5  as  the  plenum  pressure  is 
increased  from  50  to  150  psi.  This  behavior  will  be  discussed  in 
Secs.  6.4.3  amd  6.5.2.  The  dip  in  the  current  trace  at  the  time  of 
the  first  implosion  is  larger  for  larger  plenum  pressure.  The 
corresponding  dip  at  the  second  implosion  is  larger  for  lover  plenum 
pressure.  These  dips  in  the  current  indicate  increased  loading  of  the 
electrical  circuit  as  the  neon  implodes.  Time  histories  of  the  88-A 
line  emission  and  the  current  with  the  POS  are  given  in  Fig.  6.16  (b) 
for  plenum  pressures  of  50  and  150  psi.  Here,  the  Implosions  occur 
later  in  time  for  higher  plenum  pressure  and  with  reduced  intensity. 

6.4.3  Various  Ionization  States 

Time  histories  of  emissions  from  Ne  VII,  Ne  VIII,  and  Ne  IX  were 
measured  for  various  mass  loadings  and  currents  to  study  the  time 
dependence  of  the  ionization  balance  during  the  implosions.  For  Ne 

VII,  the  Is^2s2p-ls^2s3d  transition  at  106  A  was  used,  and  for  Ne  VIII 

2  2 

the  Is  2s-ls  3p  transition  at  88  A  was  used.  The  soft  X-ray  vacuum 
diode  was  used  to  measure  Ne  IX  time  histories.  The  sensitivity  of 
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FIG.  6.16.  Ne  VIII  88-A  emission  and  currents  for  plenum  pressures  of 
50  psi  (solid)  and  150  psi  (dashed)  (a)  without  the  POS  (top)  and  (b) 
with  the  POS  (bottom). 
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the  soft  X-ray  diode  allows  discrimination  of  the  high  energy 
resonance  transitions  of  Ne  IX  and  Ne  X  (>  900  eV)  from  the  lover 
energy  transitions  of  lover  ionization  states.  It  should  be  pointed 
out,  however,  that  the  soft  x-ray  vacuum  diode  measures  radiation  from 
the  entire  4-cm  plasma  length,  vhereas  the  Ne  VII  and  Ne  VIII 
emissions  are  from  a  6-mm  central  portion  of  this  plasma. 

Simultaneous  measurements  of  Ne  VIII  and  Ne  IX  are  given  in  Fig.  6.17 
for  gas-puff  plenum  pressures  of  50,  100,  and  150  psi.  These 
measurements  are  for  40-kV  charging  voltages  without  the  plasma 
opening  switch.  As  noted  previously,  the  intensity  of  the  second  peak 
decreases  considerably  relative  to  the  first  peak  as  the  plenum 
pressure  is  increased.  This  behavior  is  observed  for  both  Ne  VIII  and 
Ne  IX  emissions.  Also,  for  the  lOO-psi  plenum  pressure  the  relative 
intensity  of  Ne  VIII  to  Ne  IX  increases  considerably  for  the  second 
peak  as  noted  previously  (see  Fig.  6.13(a)).  This  behavior  is  not 
observed  for  the  other  pressures.  The  second  peak  is  absent  for 
150-psi  pressure,  and  the  relative  intensity  of  Ne  VIII  to  Np  TX 
remains  constant  for  50-psl  pressure.  Time  histories  of  Ne  VII 
emission  are  given  in  Fig.  6.18  for  conditions  similar  to  those  of 
Fig.  6.17.  Two  peaks  are  observed  for  all  plenum  pressures  with  the 
intensity  of  the  first  peak  increasing  with  pressure  and  the  intensity 
of  the  second  peak  decreasing  with  pressure.  The  intensity  ratio  of 
the  first  peak  to  the  second  peak  decreases  with  increasing  plenum 
pressure,  as  was  observed  for  the  Ne  VIII  and  Ne  IX  emissions.  These 
Ne  VII,  Ne  VIII,  and  Ne  IX  emissions  were  also  measured  for  48-kV 
charging  voltage  and  are  compared  with  40-kV  measurements  in  Figs. 

6.19  and  6.20. 
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FIG.  6.17.  Time  histories  measured  simultaneously  for  emissions  from 
(a)  Ne  VIII  (top)  and  (b)  Ne  IX  (bottom)  for  different  plenum 
pressures:  50  psi  (solid),  100  psi  (dashed)  and  150  psi  (dotted). 


125 


Relative  Intensity 


1.0 

0.8 


Time  (ps) 


FIG.  6.18.  Time  histories  of  Ne  VII  emission  for  different  plenum 
pressures:  50  psi  (solid),  100  psi  (dashed)  and  150  psi  (dot). 
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FIG.  6.19.  Time  histories  measured  simultaneously  for  emissions  from 
(a)  Ne  VIII  (top)  and  (b)  Ne  IX  (bottom)  for  charging  voltages  of  40 
kV  (dashed)  and  48  kV  (solid). 
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FIG.  6.20.  Time  histories  of  Ne  VII  emission  for  charging  voltages  of 
40  kV  (dashed)  and  48  kV  (solid). 
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6.5  Analysis 


These  spacially,  temporally,  and  spectrally  resolved  measurements 
were  analysed  with  steady-state  and  time-dependent  atomic-physics 
models  to  determine  the  neon  plasma  conditions.  The  advance  of  the  Ne 
VIII  series  limit  (Inglis-Teller  Limit)  was  used  to  estimate  an  upper 
limit  on  the  density.  Steady-state  coronal-equilibrium  and  local- 
thermodynamic-equilibrium  (LTE)  calculations  were  made  to  interprete 
selected  line-intensity  ratios  for  Ne  VII,  Ne  VIII,  and  Ne  IX.  The 
temperature  dependence  of  the  ionization  balance  was  determined  by 
comparing  time-dependent  calculations  with  measured  time  histories  of 
Ne  VII,  Ne  VIII,  and  Ne  IX  transitions. 

6.5.1  Electron  Density 

An  upper  limit  on  the  electron  density  can  be  estimated  from  the 
advance  of  the  Ne  VIII  Is  2p-ls  nd  series  limit.  The  Ne  VIII  spectrum 
in  Fig.  6.21  shows  transitions  originating  from  levels  up  to  n=9  for 
this  series.  The  density  dependence  of  the  Inglis-Teller  limit  for  Ne 
VIII  was  presented  in  Fig.  5.10.  The  analysis  in  Fig.  5.10  indicates 
that  the  n-9  level  would  not  appear  distinct  from  the  recombination 
contimuum  at  an  electron  density  above  5  x  10  cm~  .  This  implies 
that  the  electron  denstiy  was  at  or  below  this  value  at  the  time  the 
Ne  VIII  radiation  was  emitted. 

6.5.2  Electron  Temperature 

Intensity  ratios  of  XUV  spectral  lines  were  used  to  determine  the 
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FIG.  6.21.  Spectrum  of  Ne  VIII  emission  from  55  to  70  eV  shoving  the 
2p-nd  series  limit.  Also  spectral  lines  from  the  2s-np  series  for  Ne 
VIII  are  identified. 
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relative  populations  of  the  upper  levels  of  the  transitions.  Measured 

ratios  were  compared  vith  coronal-equilibrium  and  local- thermodynamic- 

equilibrium  (LTE)  calculations  to  estimate  the  electron  temperature. 

A  time-dependent  coronal  model  based  on  collisional  excitation  rates 

was  used  to  determine  the  time  dependence  of  the  ionization  balance. 

Results  of  these  calculations  were  compared  vith  measured  time 

histories  of  transitions  from  various  ionization  states  to  estimate 

the  time  dependence  of  the  electron  temperature.  Details  of  these 

calculations  can  be  found  in  Appendix  C. 

The  ratio  of  the  intensity  of  the  Ne  IX  Is21-ls31'  (lss,p  and 

2  2 

I'sPid)  transitions  at  78.26  A  and  78.30  A  to  the  Ne  VIII  ls^2s-ls  3p 

transitions  at  88  A  was  calculated  using  coronal  and  LTE  models.  The 

results  of  these  calculations  are  presented  in  Fig.  6.22.  The  coronal 

model  uses  the  ionization  balance  presented  in  Fig.  2.2  and  assumes 

that  collisonal  excitation  is  balanced  by  radiative  decay.  In  this 

model,  the  Ne  IX  to  Ne  VIII  ratio  is  independent  of  the  electron 

density  and  should  be  appropriate  for  electron  densities  below  the 

20  -3 

collision  limit  for  the  upper  levels  of  interest  (10  cm  ).  For  the 

LTE  model,  which  uses  the  Saha  and  Boltzmann  relations  to  determine 

the  relative  populations  of  the  various  levels,  this  ratio  vas 

21  -3 

calculated  for  an  electron  density  of  10  cm  ,  a  density  above  which 

LTE  should  hold  for  the  upper  levels  of  these  transitions. 

The  ratios  of  the  Ne  VIII  ls^2s-ls^3p  transitions  at  88  A  to  the 

Ne  VII  Is^2s2p-ls^2s3d  transitions  at  106  A  and  to  the  Ne  VII 

ls^2s^-ls^2s3p  transition  at  97.5  A  were  also  calculated.  The  coronal 

model  and  the  model  based  on  LTE  were  used.  An  example  of  the  ratios 

from  these  calculations  is  presented  in  Fig.  6.23.  For  this  example, 

21  3 

an  electron  density  of  10  cm”  was  used  in  the  LTE  calculation. 
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FIG.  6.22.  Temperature  dependence  of  Ne  IX  to  Ne  VIII  line  ratio  from 
tvo  atomic-physics  models  for  electron  densities  described  in  the  text 
(LTE-solid  and  Coronal-dashed). 


32 


The  electron  temperature  was  determined  by  comparing  measured 

line  ratios  with  the  calculations  presented  in  Figs.  6-22  and  6-23.  A 

portion  of  an  XUV  spectrum  (Fig.  6.11(a))  with  the  appropriate  Ne  IX, 

Ne  VIII,  and  Ne  VII  transitions  identified  is  given  in  Fig.  6.24.  The 

measured  density  was  corrected  for  the  nonlinearity  of  density  verses 

exposure  using  an  analytic  fit  to  the  measured  relations. 

Integrated  intensities  of  the  lines  of  interest  were  determined  and 

compared  with  the  calculations.  The  measured  Ne  IX  to  Ne  VIII  ratio 

of  0.11  indicates  a  temperature  of  110  eV  (LTE)  to  270  eV  (coronal) 

19 

depending  on  the  model.  The  electron  density  is  less  than  5  x  10 
cm~^  from  the  Inglis-Teller  limit  (Sec  6.5.1).  At  this  density  LTE 
should  not  be  valid  and  a  temperature  larger  than  that  indicated  by 
LTE  is  expected.  This  estimate  assumes  that  the  Ne  VIII  and  Ne  IX 
lines  are  emitted  from  the  same  spacial  region.  Soft  X-ray  and  XUV 
pinhole  photographs  (see  Figs.  5-7  and  6-6)  indicate  that  the  Ne  IX 
emission  originates  from  a  much  smaller  region  than  the  Ne  VIII 
emission.  This  suggests  that  the  Ne  IX  to  Ne  VIII  ratio  is  larger  for 
the  region  of  Ne  IX  emission  than  that  measured  in  the  XUV  spectra. 

If  no  more  than  tvo  regions  of  Ne  IX  emission  in  the  6-mm  length  of 
plasma  are  viewed  by  the  spectrograph,  each  with  a  0.4-mm  length,  a 
line  ratio  of  0.8  is  estimated  for  the  region  of  Ne  IX  emission.  For 
this  ratio  an  electron  temperature  of  140  eV  (LTE)  to  greater  than  300 
eV  (coronal)  is  estimated.  In  the  region  where  no  soft  x-ray  emission 
was  seen,  the  Ne  IX  to  Ne  VIII  intensity  ratio  is  expected  to  be 
smaller  than  that  measured  in  the  XUV  spectra  and  the  temperature  is 
correspondingly  smaller. 

The  ratio  of  Ne  VIII  to  Ne  VII  emission  was  used  to  estimate  the 
temperature  in  the  region  where  no  Ne  IX  emission  was  observed.  The 
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FIG.  6.24.  Neon  XUV  spectrum  in  which  Ne  VII,  Ne  VIII,  and  Ne  IX 
transitions  used  in  the  line-ratio  analysis  are  identified. 
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measured  ratio  of  the  Ne  VIII  ls^2s-ls^3p  transition  at  88  A  to  the  Ne 

VII  Is  2s2p-ls  2s3d  transition  at  106  A  is  1.3  for  the  spectrum  in 

Fig.  6.24.  For  this  ratio,  the  electron  temperature  is  55  eV  (LTE)  or 

80  eV  (coronal),  depending  on  the  model  used.  The  measured  ratio  of 

the  Ne  VIII  ls^2s-ls^3p  transition  at  88  A  to  the  Ne  VII 
2  2  2 

Is  2s  -Is  2s3p  transition  at  97.5  A  vas  5.6  for  the  spectrum  of  Fig. 
6.24.  For  this  ratio,  the  electron  temperature  is  40  eV  (LTE)  or  100 
eV  (coronal).  These  coronal  and  LTE  temperatures  are  averaged  over 
the  time  duration  that  the  radiation  vas  emitted. 

Time  histories  of  emissions  from  Ne  VII,  Ne  VIII,  and  Ne  IX  were 
measured  to  provide  information  on  the  time  dependence  of  the  line 
ratios.  These  measurements  are  compared  with  time-dependent  CRE  model 
calculations  to  estimate  the  time  dependence  of  the  electron 
temperature.  The  time  histories  of  these  emissions  in  Figs.  6.17  and 
6.18  were  used  to  estimate  peak  electron  temperatures  for  implosions 
vith  different  gas-puff  plenum  pressures.  Ne  VII  emission  is  observed 
at  both  peaks  for  all  pressures  (Fig.  6.18).  Ne  VIII  emission  is 
observed  at  the  first  peak  for  all  pressures;  however  this  emission  is 
observed  at  the  second  peak  for  only  50  and  100  psi  (Fig.  6.17(a)). 

Ne  IX  emission  is  observed  at  the  first  peak  for  all  pressures; 
however  at  the  second  peak  no  emission  is  observed  for  150  psi;  a 
small  signal  is  observed  for  100  psi;  and  a  large  signal  is  observed 
for  50  psi.  These  observations  indicate  that  ionization  states  up  to 
Ne  IX  are  produced  at  the  first  peak  for  all  three  pressures.  At  the 
second  peak,  ionization  states  up  to  Ne  VII  are  observed  for  150  psi, 
up  to  Ne  VIII  for  100  psi,  and  up  to  Ne  IX  for  50  psi.  Comparisons 
vith  time-dependent  rate-equation  CRE  calculations  indicate  a  peak 
temperature  greater  than  200  eV  vas  achieved  during  the  first 
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implosion.  For  the  second  peak,  these  calculations  indicate  that  the 
peak  temperature  is  less  than  60  eV  or  100  eV  for  plenum  pressures  of 
150  psi  and  100  psi,  respectively.  For  a  plenum  pressure  of  50  psi, 
the  peak  temperature  at  the  second  peak  is  similar  to  that  of  the 
first  peak.  Examples  of  calculated  time-dependent  ionization  states 
can  be  found  in  Appendix  C.2.  The  time  dependence  of  the  ionization 
states  will  be  discussed  further  in  Chapter  7,  after  the  relative 
timing  of  the  Ne  VII  and  Ne  VIII  emissions  is  presented. 
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Chapter  7 


NEAR  ULTRAVIOLET  RADIATION 


To  investigate  the  imploding  neon  plasma  beyond  the  limits  of  the 
XUV  instruments,  near  ultraviolet  (NUV)  emission  in  the  region  of  4.3 
to  4.6  eV  (2700-2900  A)  was  studied.  The  focusing  properties  of  NUV 
optics  allows  spacial  resolution  of  the  plasma  emissions  and  the 
spectral  resolution  in  the  NUV  allows  line-width  measurements. 
Comparison  of  the  intensity  of  emission  with  that  of  a  source  of  known 
intensity  in  the  NUV  region  provides  absolute  intensities.  Comparison 
of  these  temporal,  spectral,  and  absolute  intensity  measurements  with 
results  of  atomic-physics  models  provides  quantitative  information 
about  the  state  of  the  plasma. 

The  Ne  VIII  ls^3s-ls^3p  transitions  at  2820.7  and  2860.1  A  were 

chosen  for  this  investigation  because  measurements  of  absolute 

intensities  and  line  widths  for  these  transitions  can  provide  both  the 
2 

Ne  VIII  Is  3p  level  population  and  the  electron  density.  Furthermore, 

2 

a  simultaneous  measurement  of  these  transitions  and  the  Ne  VIII  Is  2s- 
2 

Is  3p  transition  can  provide  a  relative-intensity  calibration  of  the 

NUV  spectrometer  at  2820.7  or  2860.1  A  and  the  XUV  spectrometer  at  88 

118—120 

A,  by  the  branching  ratio  technique.  ~  A  partial  energy-level 

diagram  of  the  n«2  and  ns3  levels  of  Ne  VIII  is  given  in  Fig.  7.1 

2  2 

shoving  these  NUV  transitions  along  with  the  Ne  VIII  Is  21 '-Is  31 


transitions  at  88,  98,  and  103  A.  Simultaneous  time-histories  of  Ne' 
VII  and  Ne  VIII  emissions  were  measured  by  using  the  NUV  spectrometer 
to  monitor  Ne  VIII  emission  (2820.7  A)  while  the  XUV  spectrometer  was 
used  to  record  Ne  VII  emission  (106  A).  The  Ne  VII  and  Ne  VIII  time 
histories,  along  with  the  Ne  VIII  and  Ne  IX  time  histories  (previously 
discussed  in  Sec  6.4.3),  can  be  compared  with  time-dependent 
ionization-state  model  calculations  to  estimate  the  electron 
temperature.  The  time  dependence  of  the  continuum  intensity  in  this 
spectral  region  can  also  be  used  to  estimate  temporal  variations  in 
the  electron  density. 

Two  different  NUV  spectrometers  with  photomultiplier  tubes 
mounted  behind  the  exit  slits  were  used  to  record  the  Ne  VIII  line 
emission  and  the  nearby  continuum  emission  simultaneously.  These 
spectrometers  were  located  at  180®  to  the  grazing-incidence 
monochromator  but  viewed  the  same  region  of  plasma.  A  two-dimensional 
time-gated  optical  multichannel  analyzer  (OMA)  was  mounted  at  the  exit 
of  one  spectrometer  to  record  neon  emission  in  the  region  of  2750  to 
2900  A.  Imaging  the  neon  NUV  emission  at  the  entrance  of  the 
spectrometer  provided  special  resolution  across  the  diameter  of  the 
pinch  for  a  spectral  range  of  about  180  A.  Details  of  the  optical 
system  can  be  found  in  Appendix  D.3. 

7.1  Near  Ultraviolet  Monochromator  Measurements 

Time  histories  of  continuum  emission  near  2810  A  and  Ne  VIII 
ls^3s-ls^3p  line  emission  at  2820.7  A  were  measured  using  the  NUV 
monochromators.  The  continuum  intensity  was  measured  for  various  mass 
loadings  and  peak  driving  currents  at  the  same  time  as  XUV 
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2  2 

measurements  of  the  Ne  VIII  Is  2s-ls  3p  transition  (see  Secs.  6.4.1 

2  2 

and  6.4.2).  The  Ne  VIII  Is  3s-ls  3p  line  emission  vas  measured  for 

various  mass  loadings  at  the  same  time  as  XUV  measurements  of  the  Ne 
2  2 

VII  Is  2s2p-ls  2s3d  transition  (see  Sec.  6.4.3). 

7.1.1  Continuum  Intensity  Measurements 

The  time  history  of  the  NUV  radiation  in  a  4-A  spectral  region 
near  2810  A  vas  measured  at  the  same  time  that  the  time  history  of  the 
XUV  radiation  presented  in  Figs.  6.15  -  6.17  vas  measured.  The 
spectral  region  near  2810  A  vas  chosen  because  it  is  free  of  spectral 
lines  and  gives  the  time  history  of  continuum  radiation  nearby  to  the 
2820.7-  and  2860. 1-A  lines  of  Ne  VIII.  The  measured  continuum 
intensity  vas  compared  vith  calculations  of  free-free  and  free-bound 
continuum  intensities  to  estimate  variations  in  the  electron  density. 
This  analysis  vill  be  used  to  estimate  the  electron  density  at  times 
other  than  vhen  the  electron  density  is  determined  from  line-vldth 
measurements.  The  continuum  emission  near  2810  A  and  driving  currents 
are  given  in  Fig.  7.2  for  implosions  vith  tvo  different  charging 
voltages.  The  time  of  peak  signal  decreases  as  the  charging  voltage 
is  increased.  Peak  emission  occurs  prior  to  peak  current  vith  similar 
continuum  intensities  for  both  currents.  This  behavior  differs  from 
the  Ne  VIII  signals  of  Fig.  6.15,  vhere  the  intensity  increases  by  a 
factor  of  tvo  vhen  the  current  is  increased. 

Time  histories  of  continuum  emission  and  the  corresponding 
currents  are  given  in  Fig.  7.3  for  implosions  using  the  plasma  opening 
svitch  (POS)  vith  different  charging  voltages.  Differences  in  the 
opening-svitch  plasma  result  in  the  100-ns  current  risetimes  of  Fig. 
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FIG.  7.2.  Continuum  emission  near  2810  A  and  currents  for  charging 
voltages  of  45  kV  (solid)  and  35  kV  (dashed). 

14 


2 


Relative  Intensity 


Time  (ps) 

FIG.  7.3.  Continuum  emission  near  2810  A  and  currents  with  the  plasma 
opening  switch  for  charging  voltages  of  45  kV  (solid)  and  35  KV 
(dashed).  Current  risetimes  are  (a)  100  ns  (top)  and  (b)  50  ns 
(bottom). 
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7.3(a)  or  the  50-ns  current  risetimes  of  Fig.  7.3(b).  The  implosions 
occur  earlier  for  larger  current  as  expected.  Again  the  continuum 
intensities  in  Fig.  7.3(a)  are  similar  for  both  currents  in  contrast 
to  the  Ne  VIII  emission  in  Fig.  6.16(a).  For  the  faster  risetime 
current  in  Fig.  7.3(b),  the  peak  continuum  intensity  decreases  by  a 
factor  of  two,  in  contrast  to  the  nearly  constant  intensity  of  Ne  VIII 
emission  for  different  currents  in  Fig.  6.16(b). 

The  variation  of  the  continuum  emission  with  the  initial  neon 
mass  loading  is  presented  in  Fig.  7.4.  Continuum  emission  and  current 
traces  are  given  in  Fig.  7.4(a)  for  two  different  plenum  pressures 
without  the  POS.  The  continuum  intensity  at  the  first  peak  increases 
by  a  factor  of  four  as  the  gas-puff  plenum  pressure  is  increased  from 
50  to  150  psi  in  contrast  to  the  Ne  VIII  intensity  which  increased  by 
only  a  factor  of  two.  Also,  the  intensity  of  the  continuum  at  the 
first  peak  relative  to  the  second  peak  increases  from  1.5  to  5.5  as 
the  plenum  pressure  is  increased  from  50  to  150  psi.  A  similar 
behavior  was  observed  for  Ne  VIII  emission  in  Fig.  6.17  although  the 
magnitude  of  the  change  was  less.  Continuum  emission  and  current 
traces  with  the  POS  are  given  in  Fig.  7.4(b)  for  plenum  pressures  of 
50  and  150  psi.  The  continuum  intensities  are  similar  for  both  plenum 
pressures.  This  differs  from  the  Ne  VIII  emission  which  decreases 
considerably  as  the  plenum  pressure  is  increased. 

7.1.2  Line-Emission  Measurements 

The  time  history  of  the  Ne  VIII  3s-3p  line  emission  at  2820.7  A 
was  determined  by  using  the  two  monochromators  to  measure  the 
continuum  emission  at  2810  A  and  the  total  emission  at  2820.7  A. 
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FIG.  7.4.  Continuum  emission  at  2810  A  and  currents  for  plenum 
pressures  of  50  psi  (solid)  and  150  psi  (dotted)  (a)  without  the  POS 
(top)  and  (b)  with  the  POS  (bottom). 
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Details  of  the  monochromators  can  be  found  in  Appendix  D.3.1.  Time 

histories  on  (2820.7  A)  and  off  (2810  A)  the  3s-3p  line  are  compared 

in  Fig.  7.5(a).  At  the  first  implosion,  the  emission  is  nearly  all 

continuum,  while  at  the  second  implosion,  significant  2820.7  A 

emission  is  observed.  The  difference  between  these  signals 

corresponds  to  the  Ne  VIII  3s-3p  line.  This  difference  is  compared 

with  the  Ne  VIII  2s-3p  line  (88-A)  emission  in  Fig.  7.5(b).  Emissions 

at  both  2820.7  A  and  88  A  are  observed  at  the  second  implosion.  The 

reproducible  correlation  from  shot-to-shot  of  these  two  emissions  at 

the  second  implosion  indicates  the  presence  of  the  Ne  VIII  Is  3p 

excited  state.  A  similar  comparison  of  these  Ne  VIII  emissions  is 

given  in  Fig.  7.6  for  an  implosion  driven  with  the  POS.  Time 

histories  on  (2820.7  A)  and  off  (2810  A)  the  3s-3p  line  are  given  in 

Fig.  7.6(a).  The  difference  between  these  time  histories  is  given  in 

Fig.  7.6(b),  along  with  the  Ne  VIII  emission  at  88  A.  Emission  from 
2 

the  Ne  VIII  Is  3p  level  is  observed  after  an  initial  peak  in  the 
continuum. 

Simultaneous  measurements  of  Ne  VII  and  Ne  VIII  line  emissions 
were  also  made.  The  two  NUV  monochromators  were  used  to  monitor  the 
Ne  VIII  3s-3p  transition  (2820.7  A)  while  Ne  VII  line  emission  was 
measured  with  the  XUV  monochromator.  These  measurements  will  be 
presented  in  Sec.  7.3.1  and  used  to  estimate  the  electron  temperature. 
The  numbers  1,  2,  and  3  in  Figs.  7.5(a)  and  7.6(a)  indicate  the  times 
when  the  NUV  spectra  presented  in  Sec.  7.2  were  obtained. 

7.2  NUV  Optical-  Multichannel-Analyzer  Measurements 

One  of  the  NUV  spectrometers  was  fitted  with  an  optical 
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FIG.  7.5.  (a)  Total  NUV  emission  at  2820.7  A  (solid)  and  at  2810  A 
(dashed)  for  a  neon  Implosion  (top),  (b)  Ne  VIII  3s-3p  line  emission 
at  2820.7  A  (solid)  and  at  88  A  (dotted)  from  the  same  neon  implosion 
(bottom).  The  numbers  in  (a)  denote  different  temporal  regions. 
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FIG.  7.6.  (a)  Total  NUV  emission  at  2820.7  A  (solid)  and  at  2810  A 
(dashed)  for  a  neon  implosion  vith  the  FOS.  (b)  Ne  VIII  3s-3p  line 
emission  at  2820.7  A  (solid)  and  at  88  A  (dotted)  from  the  same  neon 
implosion.  The  numbers  in  (a)  denote  different  temporal  regions. 
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multichannel  analyzer  (ONA)  to  spatially  resolve  the  NUV  emission  in 
the  region  from  2730  to  2910  A.  Comparison  of  the  OMA  response  vith 
the  other  NUV  monochromator  response  indicated  that  the  OMA  signal  was 
linear  over  the  intensities  encountered  in  these  measurements.  The 
OHA  vas  calibrated  by  comparison  vith  a  deuterium  lamp  of  known 
intensity.  Details  of  the  OMA  detector  and  its  calibration  may  be 
found  in  Appendix  D.3.2.  The  OMA  vas  gated  on  for  100  ns  at  various 
times  during  the  discharge,  and  spectra  near  2820.7  A  were  measured. 
Spectra  of  the  Ne  VIII  3s-3p  transitions  were  obtained  at  times 
suggested  by  the  monochromator  results. 

Spacially-resolved  spectra  corresponding  to  the  times  indicated 

in  Pigs.  7.5  and  7.6  are  shown  in  Figs.  7.7,  7.8,  and  7.9.  At  time  1 

(Fig.  7.7),  the  spectra  are  characterized  by  strong  lines  identified 

vith  Ne  III  3s-3p  transitions,  and  the  diameter  of  the  plasma  is  3.5 
121-123 

mm.  At  time  2  (Fig.  7.8),  no  spectral  lines  are  observed;  the 

emission  consists  of  an  intense  continuum,  and  the  plasma  diameter  is 
1  mm.  At  time  3  (Fig.  7.9),  the  2820.7  and  2860.1  A  lines  from  Ne 
VIII  are  observed,  and  the  plasma  diameter  is  3.5  mm.  The  size  of 
this  plasma  and  the  absolute  intensity  of  this  emission  can  be  used  to 
estimate  the  Ne  VIII  population  fraction.  The  width  of  the  Ne  VIII 
spectral  lines  can  be  used  to  estimate  the  electron  density. 

7.3  Analysis 

The  XUV  and  NUV  radiation  measurements  are  used  to  determine  the 
plasma  conditions.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX 
emissions  are  compared  vith  a  time-dependent  ionization  model  to 
estimate  the  plasma  temperature.  The  measured  width  of  the  Ne  VIII 
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FIG.  7.7.  Spaclally-resolved  NUV  emission  for  time  1  in  Figs.  7.5  and 
7.6.  The  lines  are  Ne  III  3s-3p  transitions. 
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FIG.  7.8.  Spacially-resolved  NUV  emission  for  time  2  in  Figs.  7.5  and 


WAVELENGTH  (ANGSTROMS) 


PIG.  7.9.  Spaclally-resolved  NUV  emission  for  time  3  in  Figs.  7.5  and 
7.6.  The  lines  are  Ne  VIII  emissions  at  2820.7  and  2860.1  A. 
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2  2 

Is  3s-ls  3p  transition  is  compared  with  Stark  broadening  estimates  to 

determine  the  electron  density.  The  absolute  intensity  of  the  Ne  VIII 

2  2  2 

Is  3s-ls  3p  transition  is  used  to  estimate  the  Ne  VIII  Is  3p  level 

population.  Then,  the  Ne  IX  ground-state  population  can  be  evaluated 

using  an  atomic-physics  model  for  the  plasma. 

7.3.1  Electron  Temperature 

Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  emissions  were 
measured  simultaneously  in  pairs.  Ne  VIII  and  Ne  IX  emissions  were 
recorded  simultaneously  using  the  XUV  monochromator  and  a  soft  X-ray 
diode.  Examples  were  given  in  Fig.  6.17  for  various  gas-puff  plenum 
pressures.  Ne  VII  and  Ne  VIII  emissions  were  recorded  simultaneously 
using  the  XUV  and  NUV  monochromators,  and  examples  of  Ne  VII  emission 
vere  given  in  Fig.  6.18  for  various  plenum  pressures.  Simultaneous 
with  these  Ne  VII  measurements,  the  two  NUV  monochromators  vere  used 
to  measure  Ne  VIII  time  histories  (as  discussed  in  Sec.  7.1).  An 
example  of  these  Ne  VII  and  Ne  VIII  time  histories,  measured  on  the 
same  shot,  is  given  in  Fig.  7.10.  For  Ne  VII,  the  2s2p-2s3d  (106  A) 
transition  vas  used.  This  emission  is  the  same  as  that  in  Fig.  6.19 
for  50-psi  plenum  pressure.  For  Ne  VIII,  the  3s-3p  (2820.7  A) 
radiation  with  continuum  subtraction  vas  used.  Tvo  peaks  are  evident 
in  Fig.  7.10  and  emissions  from  Ne  VII  and  Ne  VIII  are  observed  from 
both  peaks. 

Emissions  from  Ne  VII,  Ne  VIII,  and  Ne  IX  produced  under  similar 
conditions  are  compared  vlth  the  ionization-balance  calculations  to 
determine  the  electron  temperature.  Examples  of  these  emissions  over 
a  500-ns  time  period  are  given  in  Fig.  7.11  for  implosions  vith  50- 
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FIG.  7.10.  Emissions  from  Ne  VII  at  106  A  (dotted)  and  from  Ne  VIII  at 
2820.7  A  (solid)  for  an  Implosion  with  40-kV  charging  voltage  and 
SO-psi  plenum  pressure. 
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FIG.  7.11.  Simultaneous  time-resolved  measurements  of  (a)  Ne  VII 
(dotted)  and  Ne  VIII  (solid)  emissions  (top)  and  (b)  Ne  VIII  (solid) 
and  Ne  IX  (dashed)  emissions  (bottom)  from  the  second  implosion  for  a 
40-kV  charging  voltage. 
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psi  plenum  pressure  and  200-lcA  peak  current.  This  500-ns  interval 
includes  the  second  implosion  when  emission  from  the  second  peak 
occurs.  The  Ne  VII  and  Ne  VIII  emissions  in  Fig.  7.11(a)  are  the  same 
as  in  Fig.  7.10.  The  time  of  the  second  peak  was  chosen  because  the 
Ne  VIII  (3S'3p)  measurement  is  more  reliable  at  this  time.  The  Ne 
VIII  and  Ne  IX  emissions  of  Fig.  7.11(b)  are  the  same  as  in  Fig.  6.17. 
Time-dependent  ionization-state  calculations  (see  Appendix  C)  were 
compared  with  the  measurements  in  Fig.  7.11  to  determine  the  electron 
temperature.  An  example  of  the  results  of  the  calculations  is  given 
in  Fig.  7.12  for  a  peak  electron  temperature  of  200  eV  and  a  peak 
electron  density  of  5  x  10  cm  .  The  temperature  was  adjusted  in 
the  calculation  to  fit  the  duration  of  emission  and  the  time  of  peak 
emission  for  the  Ne  VII,  Ne  VIII,  and  Ne  IX  time  histories  in  Fig. 

7.11.  A  peak  temperature  of  200  eV  is  inferred  for  a  plenum  pressure 
of  50  psi.  For  larger  mass  loading  (i.e.  plenum  pressure)  these  time 
histories  change  (see  Figs.  6.17  and  6.18)  so  that  lover  temperatures 
are  required  to  fit  the  measurements.  For  100  and  150  psi,  the  peak 
electron  temperatures  of  100  and  60  eV,  respectively  are  required  to 
fit  the  measurements.  These  temperatures  are  for  the  second  implosion 
for  all  three  plenum  pressures.  At  the  first  implosion,  the  presence 
of  Ne  IX  emission  and  the  reduction  in  the  pulse  width  of  Ne  VII  and 
Ne  VIII  emissions  for  all  three  plenum  pressures  suggest  peak 
temperatures  of  at  least  200  eV.  An  uncertainty  of  ±20X  can  be 
expected  in  these  temperature  measurements  based  on  comparison  of  the 
measured  time  history  with  various  calculated  time  histories. 
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FIG.  7.12.  Time  dependence  of  Ne  VII,  Ne  VIII,  and  Ne  IX  emissions 
from  a  time-dependent  coronal-model  calculation. 
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7.3.2  Stark  Broadening 


The  measured  line  width  of  the  Ne  VIII  ls^3s(^S)-ls^3p(^P°) 
transition  is  used  to  estimate  the  electron  density  of  the  plasma.  A 
spectrum  taken  at  time  3  in  Fig.  7.5  is  shown  in  Fig.  7.13.  This 
spectrum  is  specially  integrated  to  improve  the  signal- to-noise  ratio. 
The  two  spectral  lines  correspond  to  Ne  VIII  3s-3p  transitions.  The 
ratio  of  these  lines  is  2:1  as  expected  for  an  optically- thin  plasma. 

A  full-width  at  half-maximum  (FVHM)  of  4.1  A  is  determined  for  the 
2820.7  A  line.  This  line  profile  is  a  combination  of  instrumental 
broadening  and  the  emitted-line  profile.  The  emitted-line  profile  is 
a  result  of  broadening  primarily  due  to  the  Doppler  and  Stark  effects. 
The  measured  line  profile  is  a  convolution  of  these  effects.  The 
magnitude  of  the  various  broadening  mechanisms  must  be  determined  in 
order  to  unfold  the  Stark  broadening  from  the  measured  FVHM.  An 
instrumental  width  of  1.5  A  was  determined  by  measuring  the  width  of  a 
Hg  I  line  from  a  low-pressure  mercury  lamp  in  this  spectral  region. 
Doppler  broadening  due  to  ion  thermal  motion  at  a  temperature  of  75  eV 
results  in  a  Gaussian  line  shape  with  a  FVHH  of  0.4  A.  Doppler 
broadening  due  to  macroscopic  motion  of  the  plasma  at  a  velocity  of  10 
cm/ps  produces  a  Gaussian  line  shape  with  a  FVHM  of  0.8  A. 

Convolution  of  Gaussian  profiles  with  full-widths  at  half-intensity  of 

1  9A 

1.5»  0.4,  and  0.8  A  gives  a  Gaussian  profile  with  a  FVHH  of  1.75  A. 
This  Gaussian  profile  is  convoluted  with  Lorentzian  profiles  of 
various  width  to  produce  Voigt  profiles  which  are  compared  with  the 
measured  width. The  Lorentzian  FVHM  that  results  in  a  Voigt 
profile  with  a  FVHM  that  best  fits  the  measured  FVHM  is  used  as  a 
measure  of  the  Stark  broadening.  The  convolution  of  a  1.75-A  FVHM 
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RELATIVE  INTENSITY 


WAVELENGTH  (ANGSTROMS) 


FIG.  7.13.  Spacially-integrated  spectrum  for  time  3  in  Figs.  7.5  and 
7.6.  The  lines  are  Ne  VIII  emissions  at  2820.7  A  and  2860.1  A. 
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Gaussian  line  shape  with  a  2.9-k  FVHM  Lorentzian  line  shape  results  in 

a  Voigt  profile  of  4.1-A  width.  Therefore,  the  Stark  broadening  is 

2.9  A.  An  uncertainty  of  ±152  is  based  on  comparison  of  the  measured 

line  shape  with  various  Voigt  profiles. 

Stark  broadening  measurements  for  carbon,  nitrogen,  and  oxygen 

ions  were  used  to  determine  the  electron  density  required  to  produce 

the  Stark  broadening  measured  for  this  Ne  VIII  line.  Simultaneous 

measurements  of  electron  density  and  the  corresponding  Stark 

2  2 

broadening  have  been  reported  for  this  same  Is  3s-ls  3p  transition  in 

126  127 

C  IV,  N  V  and  0  VI.  *  Extrapolating  these  results  to  neon, 

2  -1 

assuming  a  AX/X  «  Z  scaling,  gives  a  Stark  width  of  0.9  A  for  an 

18  —3 

electron  density  of  1.8  x  10  cm  .  Therefore,  the  measured  Stark 

broadening  of  2.9  A  corresponds  to  an  electron  density  of  5,8  x  10^® 

-3 

cm  ,  assuming  the  electron  density  scales  linearly  with  Stark  width. 
The  uncertainty  in  Stark  broadening  data  results  in  a  ±302  error  in 
the  electron  density. 

7.3.3  Continuum  Intensity 

Calculations  of  the  continuum  intensity  were  carried  out  for 
temperatures  and  densities  relevant  to  this  experiment.  The  continuum 
intensity  was  evaluated  using  a  coronal-equilibrium  model  to  determine 
the  ionization  balance.  The  temperature  dependence  of  the  fractional 
population  of  various  ionization  states  given  in  Fig.  2.2  was  used  to 
determine  the  ionization-state  populations.  The  temperature 
dependence  of  the  bremsstrahlung  radiation  for  each  ionization  state 
was  calculated  from  Eq.  A. 25  and  the  temperature  dependence  of  the 
recombination  continuum  was  calculated  for  each  ionization  state  from 
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Eq.  A. 26.  The  recombination  continuum  was  summed  over  levels  within 

the  photon  energy  of  the  reduced  ionization  limit.  Correction  for 

transitions  into  merged  levels  above  the  advanced  series  limit  is 

included  in  Eq.  A. 25.  Recombination  into  levels  with  n  <  3  would 

produce  photons  of  4.3  eV  (2810  A)  for  only  Ne  I,  and  was  not  included 

in  the  calculation.  The  Gaunt  factors  were  assumed  to  be  unity.  The 

neon  continuum  intensity  is  given  in  Fig.  7.14  for  an  ion  density  of 
17  -3 

6.25  X  10  cm  along  with  the  bremsstrahlung  and  recombination 

components.  The  continuum  is  primarily  bremsstrahlung  in  this 

spectral  region.  The  total  continuum  intensity  varies  by  less  than  a 

factor-of-two  over  the  temperature  range  from  50  to  200  eV.  On  the 

other  hand,  the  continuum  intensity  has  a  strong  dependence  on  the 

electron  density  (N^  ),  and  therefore  is  a  good  indicator  of  the 

temporal  variation  of  the  electron  density.  The  absolute  intensity  of 

the  continuum  emission  in  Fig.  7.8  is  1.2  kV/cm  *sr*A.  For  a  1-mm 

19 

diameter  plasma  this  corresponds  to  an  electron  density  of  9  x  10 
cm”  ,  assuming  an  electron  temperature  of  200  eV.  Uncertainties  in 
the  absolute  calibration  and  plasma-size  measurement  results  in  an 
uncertainty  of  ±30Z  in  the  density. 

7.3.4  Ne  VIII  ls^3p  Level  Population 

2  2 

The  measured  absolute  intensity  of  the  Ne  VIII  Is  3s-ls  3p 

2 

transition  is  used  to  determine  the  Ne  VIII  Is  3p  level  population. 

An  intensity  of  175  W/cm^sr,  integrated  over  the  linewidth,  was 

determined  from  a  comparison  with  a  calibrated  deuterium  lamp.  For  a 

photon  energy  of  4.3  eV,  a  transition  probability  of  7  x  10^  sec”^, 

2 

and  a  plasma  size  of  3.5  mm;  a  Ne  VIII  Is  3p  level  population  of  1.3  x 
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FIG.  7.14.  Temperature  dependence  of  bremsstrahlung  (dashed), 

recombination  (dotted),  and  total  (solid)  continuum  emission  for  an 

17  -T 

ion  density  of  6.25  x  10  cm  . 
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10'*'  cm'  was  determined  from  Bq.  A.  17.  This  assumes  that  the 

transition  probability  is  not  influenced  by  the  properties  of  the 

plasma,  which  has  been  shown  to  be  valid  for  the  electron  density 

128 

measured  in  this  experiment.  Uncertainty  in  the  absolute 

calibration  results  in  an  uncertainty  of  ±302^in  this  population. 

The  electron  density  and  temperature  are  combined  with  the  Ne 
2 

VIII  Is  3p  level  population  to  determine  the  Ne  IX  ground-state 

18  -3 

population.  An  electron  density  of  5.8  x  10  cm~  ,  an  electron 

2 

temperature  of  75  eV,  and  a  Ne  VIII  Is  3p  level  population  density  of 
14  -3 

1.3  X  10  cm  were  determined  at  the  time  of  the  second  implosion  in 

the  neon  Z-pinch  discharge  for  100-psi  plenum  pressure  and  40-kV 

charging  voltage.  The  ratio  of  the  Ne  IX  ground-state  population  to 
2 

the  Ne  VIII  Is  3p  level  population  was  calculated  using  three  atomic- 

2 

physics  models.  If  LTE  is  appropriate  for  the  Ne  VIII  Is  3p  level, 

the  Saha  relation  can  be  used  to  relate  that  level  to  the  ground-state 

population  of  the  next  higher  ionization  state.  Partial  LTE  for  the 

20  -3 

ns3  level  is  expected  for  an  electron  density  greater  than  10  cm 

The  temperature  dependence  of  the  ratio  of  the  Ne  IX  ground-state 

population  to  the  Ne  VIII  Is  3p  level  population  calculated  from  the 

Saha  relation  is  given  in  Fig.  7.15.  Also  shown  are  results  of 

calculations  based  on  coronal  equilibrium  and  collisional  radiative 

equilibrium  (CRE).  The  coronal  calculation  of  the  level 

populations  is  based  on  the  ionization  balance  given  in  Fig.  2.1,  and 

then  balances  collisional  excitation  against  radiative  decay.  The  CRE 

model  uses  collisional  and  radiative  rates,  along  with  radiative 

transport,  to  determine  the  level  populations.  For  the  CRE 

18  ^3 

calculation,  an  electron  density  of  5  x  10  cm  was  used.  A  ratio 
of  4.0  X  10^  is  seen  for  a  temperature  of  75  eV  for  the  CRE  model. 
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17  -3 

This  implies  a  Ne  IX  ground-state  population  of  5  x  10  cm  .  An 
uncertainty  of  ±20X  in  the  temperature  measurement  results  in  an 
uncertainty  of  ±45X  in  the  Ne  IX  ground-state  population. 
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Temperature  (ev) 


2 

FIG.  7.15.  Temperature  dependence  of  Ne  IX  (Is  ground  state)/Ne  VIII 
2 

(Is  3p)  ratio  for  LTE  (solid),  CRE  (dot),  and  Coronal  models. 
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Chapter  8 


CONCLUSIONS 


Neon  gas-pu££  Z-pinch  implosions,  driven  by  currents  o£  up  to  300 

kA,  were  investigated  using  various  spectroscopic  diagnostics.  The 

motivation  was  to  produce  a  neon  lasant  plasma  appropriate  for 

resonant  photopumping  experiments.  Soft  x-ray,  extreme  ultraviolet, 

and  near  ultraviolet  emissions  were  recorded  and  compared  with  plasma 

models  to  determine  the  electron  temperature  and  density  of  the  neon 

2 

plasma.  A  measurement  of  the  Ne  VIII  Is  3p  level  population  was  used 
to  estimate  the  Ne  IX  ground-state  population.  The  dependence  of  the 
plasma  emissions  on  experimental  parameters  was  also  investigated. 
Various  gas-puff  plenum  pressures  were  used  to  produce  different 
linear  mass  loadings.  Different  capacitor  charging  voltages  were  used 
to  drive  the  implosion  with  different  peak  currents.  Also,  the 
risetime  of  the  current  was  reduced  with  a  plasma  opening  switch 
(POS). 

8.1  Neon  IZ  Ground-State  Density 

The  possibility  of  using  a  neon  gas-puff  Z-pinch  as  the  lasant  in 
a  sodium/neon  photopumping  experiment  has  been  investigated.  The 
photopumping  scheme  uses  11-A  radiation  from  Na  X  to  excite  the 
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2 

Is  -ls4p  transition  in  Ne  IX.  A  significant  population  of  the  Ne  IX 

ground  state  is  necessary  to  absorb  the  photopump  line.  Therefore,  an 

2 

estimate  of  the  Ne  IX  Is  level  population  was  made  from  measurements 

of  the  plasma  electron  temperature,  electron  density  and  the  Ne  VIII 
2 

Is  3p  level  population.  The  results  indicate  that  70Z  of  the  neon 

ions  are  in  the  Ne  IX  ground  state. 

Temporally,  spaclally,  and  spectrally  resolved  measurements  of 

the  Is  3s-ls  3p  transitions  in  Ne  VIII  at  2820.7  and  2860.1  A  were 

used  to  determine  the  plasma  density.  The  absolute  intensity  of  the 

2 

line  emission  vas  used  to  determine  the  Ne  VIII  Is  3p  level 

2 

population.  A  measured  intensity  of  175  V/cm  sr  for  both  lines 

14  -3  2 

Indicated  a  population  of  1.3  x  10  cm  for  the  Ne  VIII  Is  3p  level. 

The  line  vidth  of  these  two  3s-3p  transitions  vas  used  to  determine 

the  electron  density.  A  full-width  at  half-maximum  of  2.9  A  due  to 

Stark  broadening  indicates  an  electron  density  of  5.8  x  10  cm"  . 

Time-resolved  measurements  of  Ne  VII,  Ne  VIII,  and  Ne  IX  emissions 

were  used  to  determine  the  plasma  temperature.  Comparison  of  measured 

time  histories  with  a  time-dependent  ionization-state  model  indicates 

a  peak  temperature  of  100  eV,  and  a  75-eV  temperature  at  the  time  of 

Ne  VIII  line-vidth  measurement.  A  collisional-radiative-equilibrium 

code  vas  used  to  predict  the  ratio  of  the  Ne  IX  ground-state 

2 

population  to  the  Ne  VIII  Is  3p  level  population  for  this  electron 

4 

temperature  and  density.  The  code  gives  a  ratio  of  4.0  x  10 

17  -3 

corresponding  to  a  Ne  IX  ground-state  population  of  5  x  10  cm  . 

For  an  effective  charge  of  Za8,  the  measured  electron  density  and  the 
estimated  Ne  IX  ground-state  population  indicate  that  70X  of  the  neon 
ions  are  in  the  Ne  IX  ground  state,  ’"his  estimate  was  made  from 
radiation  emitted  at  the  time  of  the  second  peak  for  the  implosion 
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driven  by  a  slow  rising  (1  ys)  current  pulse.  To  relate  this  estimate 
to  the  plasma  produced  by  a  fast  rising  (100  ns)  current  pulse  as  used 
in  previous  photopumping  experiments,  an  investigation  vas  carried  out 
into  the  effects  of  the  initial  neon  mass  loading,  peak  current,  and 
current  rise-time  on  the  implosion  dynamics. 

8.2  Neon  Plasmas  Produced  by  Slov-Rlsetime  Currents 

Neon  Z-pinch  implosions  driven  with  a  capacitor  discharge 
produced  peak  currents  of  150  to  300  kA  with  a  1.1-us  quarter  period. 
Two  ’’dips”  in  the  current  waveshape  were  observed  corresponding  to 
inductive  loading  of  the  electrical  circuit  by  the  imploding  plasma. 
The  first  "dip"  occurred  500  to  600  ns  after  the  beginning  of  the 
current.  At  that  time  the  current  was  75%  of  peak  current.  The 
second  "dip"  occurred  near  peak  current,  l.e.,  l.O  to  1.2  us  after  the 
beginning  of  the  current.  Peaks  in  the  X-ray  emission  from  the  plasma 
were  observed  at  the  times  of  these  current  "dips".  The  current 
"dips"  and  the  X-ray  peaks  correspond  to  implosions  of  the  neon  gas 
puff.  The  conditions  of  the  neon  plasma  at  these  two  times  differ 
considerably,  as  discussed  below. 

8.2.1  Time  Histories  of  Electron  Temperature  and  Density 

Soft  X-ray  spectra  of  the  neon  implosions  were  recorded,  and 
spectral  lines  from  Ne  IX  and  Ne  X  transitions  were  identified.  The 
ratio  of  the  Ne  IX  ls^-ls2p  transition  to  the  Ne  X  ls-2p  transition 
indicates  an  electron  temperature  of  200  to  250  eV,  while  the  slope  of 
the  Ne  IX  recombination  continuum  suggests  an  electron  temperature  of 
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300  eV.  These  temperatures  are  different  because  the  measurements  are 

time-integrated  and  represent  an  average  temperature  over  the  duration 

of  the  corresponding  soft  X-ray  emissions.  The  advance  of  the  Ne  IX 

series  limit  implies  an  electron  density  of  3  x  10  cm”  .  The  ratio 

of  the  intensities  of  the  Ne  IX  resonance  to  intercombination  lines 

indicate  an  electron  density  of  10  cm  .  This  is  an  under  estimate 

because  the  resonance  line  is  optically  thick  for  plasmas  larger  than 

100  ym.  Soft  X-ray  images  indicate  that  the  emission  is  from  small 

regions  less  than  500  ym  in  diameter,  spaced  at  irregular  intervals 

along  the  length  of  the  pinch.  Up  to  eight  small  regions  are  seen 

along  the  4-cm  length  of  the  plasma.  The  electron  density  determined 

from  the  advanced  series  limit  and  the  plasma  size  determined  from  the 

soft  X-ray  images  imply  a  linear  mass  loading  of  1.2  yg/cm  or  a  linear 

ion  density  of  3.6  x  10^^  cm~^  for  Z=8. 

Extreme  ultraviolet  (XUV)  spectra  of  the  neon  implosion  vere 

recorded,  and  spectral  lines  from  Ne  VII,  Ne  VIII,  and  Ne  IX  vere 

2  2 

identified.  The  advance  of  the  Ne  VIII  Is  2p-ls  nd  series  limit 

19  -3 

Implies  an  electron  density  of  5  x  10  cm  .  Extreme  ultraviolet 

images  indicate  that  the  plasma  is  radiating  along  the  entire  4-cm 

length  with  a  diameter  of  about  1  mm.  This  electron  density  and 

diameter  imply  a  linear  mass  loading  of  1.6  yg/cm  or  a  linear  ion 

density  of  4.8  x  10^^  cm”^  for  Z«8.  This  result  compares  well  with 

the  result  determined  from  the  soft  X-ray  measurements.  The  Ne  VIII 
2  2 

Is  2s-ls  3p  to  Ne  IX  Is2p-ls3d  intensity  ratio  indicates  an  electron 
temperature  of  125  eV.  This  interpretation  assumes  that  the  Ne  VIII 
and  Ne  IX  emissions  are  radiating  from  the  same  region  over  the  same 
time  period.  Pinhole-camera  images  indicate  that  the  extreme 
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ultraviolet  emission  (e.g.,  Ne  VIII)  is  from  the  entire  length  of  the 
pinch,  vhereas  the  soft  X-ray  emission  (e.g.,  Ne  IX)  is  restricted  to 
small  spacial  regions.  Consequently,  for  these  small  regions,  the 
ratio  of  Ne  VIII  to  Ne  IX  emission  is  much  smaller.  In  addition,  the 
longer  pulse  width  of  the  Ne  VIII  emission  (150  ns)  compared  with  the 
Ne  IX  emission  (50  ns)  indicates  that  the  ratio  of  Ne  VIII  to  Ne  IX 
emission  is  even  smaller  during  the  time  that  the  Ne  IX  is  emitting. 
Correcting  for  the  source-size  and  pulse-duration  differences 
increases  the  temperature  estimate  to  250  to  300  eV  for  the  plasma 
that  is  spatially  and  temporally  restricted  to  Ne  IX  emission.  This 
temperature  is  consistent  with  the  estimates  from  the  soft  X-ray 
spectra.  The  electron  temperature  was  also  determined  for  regions  of 
the  plasma  where  no  soft  X-ray  emission  was  seen,  but  XUV  emission  was 
observed.  Intensity  ratios  of  Ne  VII  and  Ne  VIII  transitions  combined 
with  a  steady-state  coronal  model  give  electron  temperatures  of  80  to 
100  eV. 

Time-resolved  measurements  of  Ne  VII,  Ne  VIII,  and  Ne  IX 
emissions  were  compared  with  a  time-dependent  ionization  model  to 
determine  electron  temperatures.  At  the  time  of  the  first  implosion, 
a  peak  temperature  of  200  eV  was  estimated,  and  at  the  second 
implosion,  the  peak  temperature  was  100  eV. 

Near  ultraviolet  spectra  of  the  neon  implosions  were  recorded, 
and  spectral  lines  from  Ne  III  and  Ne  VIII  transitions  were 
identified.  Spectra  were  recorded  for  100-ns  duration  at  various 
times  during  the  discharge.  Radiation  from  Ne  III  was  emitted  early 
in  the  discharge,  prior  to  the  first  implosion,  from  a  3.5-mm  diameter 
plasma.  At  the  first  implosion  no  NUV  line  radiation  was  observed  but 
intense  continuum  emission  was  observed  from  a  1-mm  diameter  plasma. 
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The  continuum  results  from  compression  of  the  plasma  to  high  density. 

A  specially  resolved  measure  of  the  continuum  absolute  Intensity  gave 

a  peak  value  of  1.2  kV/cm  *sr*A  at  the  first  implosion.  For  a  1-mm 

diameter  plasma,  this  intensity  corresponds  to  an  electron  density  of 
19  -3 

9  X  10  cm  ,  assuming  an  electron  temperature  of  200  eV.  At  the 
second  implosion,  Ne  VIII  emission  was  observed  from  a  3.5-mm  diameter 
plasma.  Also,  time-resolved  measurements  of  NUV  emission  in  the 
region  of  2810  A  and  2820.7  A  indicated  an  intense  continuum  (2810  A) 
at  the  first  implosion  and  Ne  VIII  emission  (2820.7  A)  at  the  second 
implosion.  Between  the  two  implosions,  Ne  III  emission  was  observed. 
The  presence  of  Ne  III  indicates  a  much  lower  electron  temperature 
than  indicated  by  emission  from  higher  ionization  states  (e.g.,  Ne 
VIII).  For  the  coronal-equilibrium  model  discussed  in  Appendix  A,  Ne 
III  is  the  dominant  ion  species  for  temperatures  of  5  to  10  eV.  The 
time-dependent  ionization  model  suggests  a  similar  temperature  range 
for  Ne  III. 

A  representation  of  the  electron  temperature  and  density 
determined  at  various  times  during  the  discharge  is  given  in  Fig.  8.1. 
The  electron  temperature  in  Fig.  8.1(a)  was  determined  from  the 
presence  of  various  ionization  states  and  the  duration  of  their 
presence.  The  cross  in  Fig.  8.1(a)  represents  the  temperature  of  the 
"hot  spot".  The  electron  density  in  Fig.  8.1(b),  between  implosions 
when  Ne  III  is  present,  was  estimated  by  scaling  the  electron  density 
from  Ne  VIII  to  Ne  III  (assuming  charge  neutrality)  and  using  the 
measured  radius  (which  is  the  same  for  Ne  III  and  Ne  VIII  emission). 
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FIG.  8.1.  Time  dependence  of  (a)  electron  temperature  and  (b)  electron 
density  for  a  neon  implosion.  The  time  history  of  the  current  is  also 
given  for  reference. 
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8.2.2  Current  Variations 


Changes  in  the  various  neon  plasma  emissions  with  driving  current 
indicate  that  the  amount  of  neon  gas  heated  by  the  implosion  increases 
with  current,  rather  than  the  increase  in  current  causing  the  plasma 
temperature  or  density  to  increase.  Visible-light  images  indicate 
that  the  radial  extent  of  the  emission  region  increases  as  the  current 
is  increased.  For  higher  currents  these  images  exhibit  axial 
nonuniformities  which  increase  in  number  with  current.  The  XUV  images 
increase  in  length  as  the  current  is  increased  and  develop  axial 
nonuniformities  which  increased  in  number.  These  nonuniformities  are 
associated  with  small  regions  of  soft  X-ray  emission.  An  increase  in 
the  amount  of  neon  plasma  heated  with  increasing  current  is  consistent 
with  the  soft  X-ray  and  XUV  measurements.  The  time-integrated  spectra 
vary  little  in  ionization-state  composition  or  in  the  relative 
intensity  of  various  ionization  states  as  the  current  is  increased. 

The  XUV  spectra  show  Ne  IX  emission  only  for  implosions  driven  by  the 
largest  currents.  This  observation  is  understood  in  terms  of  more 
small  regions  of  soft  X-ray  emission  being  produced  in  the  field  of 
view  of  the  spectrograph,  and  not  because  the  bulk  plasma  temperature 
increases.  Although  the  time-resolved  Ne  VIII  line  emission  increased 
with  current,  there  is  little  variation  in  the  ionization-state 
composition.  The  lack  of  variation  in  the  spectra  or  in  the  relative 
line  emissions  indicates  similar  peak  temperatures  for  the  various 
currents.  Also,  the  NUV  continuum  intensity  did  not  change  with 
current  which  indicates  that  the  peak  electron  density  is  nearly 
constant.  In  summary,  increasing  the  current  driving  the  implosion 
increases  the  amount  of  neon  gas  that  is  heated,  rather  than 
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increasing  the  electron  temperature  or  density. 


8.2.3  Mass-Load  Variations 

The  mass  load  varies  by  changing  the  plenum  pressure  on  the  gas 
pu££;  the  mass  load  scales  linearly  with  pressure  £or  the  pu££  valve 
used  in  these  experiments.  Increasing  the  mass  load  decreases  the 
peak  electron  temperature,  particularly  at  the  second  implosion.  Time 
resolved  Ne  VII,  Ne  VIII,  and  Ne  IX  line  emissions  at  the  second 
implosion  were  used  to  estimate  electron  temperatures  o£  250,  100,  and 
60  eV  £or  pressures  of  50,  100,  and  150  psi,  respectively.  At  the 
first  implosion,  the  line  intensity  from  all  three  ionization  states, 
as  veil  as  the  NUV  continuum,  increases  when  the  pressure  is  increased 
from  50  to  100  psi.  These  increases  scale  linearly  with  pressure. 

When  the  pressure  is  further  increased  to  150  psi,  only  the  Ne  VII 
intensity  continues  to  increase  linearly  with  pressure.  These  changes 
in  temperature  are  less  apparent  in  the  time-integrated  spectra,  and 
this  behavior  is  consistent  with  the  time-integral  of  the  time- 
resolved  signals.  There  is  little  change  in  the  soft  X-ray  signals 
and  images  as  the  mass  is  increased. 

8.3  Neon  Plasmas  Produced  by  Fast-Risetime  Currents 

A  plasma  opening  switch  was  used  in  parallel  with  the  neon  gas 
puff  to  reduce  the  risetime  of  the  current  driving  the  Z-pinch. 
Currents  of  up  to  200  kA  were  conducted  through  the  opening  switch  for 
up  to  800  ns  before  the  switch  opened  and  delivered  current  to  the 
load.  Peak  currents  of  100  to  200  kA  with  risetimes  of  50  to  100  ns 
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were  measured  between  the  opening  switch  and  the  load.  Again,  two 
implosions  were  observed.  Peaks  in  the  emitted  radiation  correlated 
with  "dips"  in  the  current,  as  seen  with  the  slow-risetime  current, 
however,  the  "dips"  are  less  apparent.  For  a  given  charging  voltage, 
peak  currents  are  similar  £or  the  fast-  and  slow-risetime  current 
pulses,  however  the  implosions  occur  at  higher  current  levels  when 
driven  by  the  plasma  opening  switch.  The  first  implosion  occurs  350 
ns  after  the  beginning  of  the  current,  near  peak  current,  while  the 
second  implosion  occurs  700  ns  after  the  beginning  of  the  current, 
when  the  current  has  decreased  to  15X  of  peak  value.  Trends  in 
intensity  and  spectral  content  of  the  XUV  emission  indicate  that  less 
mass  and  more  current  is  needed  to  produce  a  spectrum  similar  to  that 
obtained  with  the  slow-risetime  current.  For  example,  similar  XUV 
spectra  were  measured  for  a  45-kV  charge,  50-psi  pressure  with  the 
plasma  opening  switch  and  a  35-kV  charge,  100-psi  pressure  without  the 
swi tch. 

8.3.1  Time  Histories  of  Electron  Temperature  and  Density 

Time  histories  of  the  electron  temperature  and  density  were 
determined  for  the  fast-risetime  current  using  the  same  initial  mass 
load  and  driving-current  magnitude  as  for  the  previous  slow-risetime- 
current  discussion.  The  soft  X-ray  emission  was  minimal  so  that 
spectra  could  not  be  used  for  density  and  temperature  determinations. 
Soft  X-ray  diode  signals  were  observed  only  at  the  first  implosion, 
and  an  electron  temperature  of  200  eV  was  inferred.  At  the  second 
implosion  simultaneous  measurements  of  Ne  VII  and  Ne  VIII  line 
emissions  were  used  to  determine  an  electron  temperature  of  60  eV. 
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FIG.  8.2.  Time  dependence  of  (a)  electron  temperature  and  (b)  electron 
density  for  a  neon  implosion  using  a  plasma  opening  switch.  The  time 
history  of  the  current  is  also  given  for  reference, 
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Betveen  the  implosions  only  Ne  III  vas  observed  corresponding  to 
electron  temperatures  of  5  to  10  eV.  The  NUV  continuum  intensities 
were  similar  to  the  intensities  observed  with  the  slov-risetime 
current.  A  representation  of  the  time  histories  for  electron 
temperature  and  density  is  given  in  Fig.  8.2. 

8.3.2  Current  Variations 

Increasing  the  current  driving  the  implosion  increases  the  amount 
of  neon  gas  that  is  heated  with  little  increase  in  electron 
temperature  or  density.  This  behavior  is  similar  to  the  slow-risetime 
current  variation.  Visible-light  images  indicate  an  increase  in  the 
radial  extent  of  the  emission  region,  as  well  as  an  increase  in  the 
axial  nonuniformities,  as  the  current  is  increased.  Axial 
nonuniformities  are  also  evident  in  XUV  images  and  increase  in  number 
and  extent  as  the  current  is  increased.  The  soft  X-ray  and  XUV 
emission  Increases  as  more  neon  plasma  is  heated.  Time-resolved  Ne 
VIII  line  emission  also  increases  in  intensity  with  increasing 
current,  indicative  of  more  neon  plasma  being  heated.  Time-integrated 
spectra  vary  little  in  ionization-state  composition  or  in  the  relative 
intensity  of  various  ionization  states  as  the  current  is  increased. 
This  lack  of  spectral  variation  indicates  similar  peak  temperatures 
for  the  various  currents.  The  NUV  continuum  intensity  shoved  little 
variation  with  current  implying  nearly  constant  peak  electron  density. 
Implosions  driven  by  the  faster-risetime  currents  (50  ns)  produced 
significantly  less  Ne  VIII  emission,  and  a  reduction  in  the  NUV 
continuum  emission  vas  seen  for  the  lower  current  levels.  These 
measurements  suggest  that  a  lover  temperature  and  density  plasma  is 
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produced  with  the  fast-risetime  current. 


8.3.3  Mass-Load  Variations 

Increasing  the  mass  load  decreased  the  peak,  electron  temperature 
for  implosions  using  the  plasma  opening  switch.  This  temperature 
change  was  deduced  from  the  time-integrated  XUV  spectra,  where  the 
ratio  of  the  Ne  VIII  to  the  Ne  VII  line  intensity  decreased  as  the 
gas-puff  plenum  pressure  was  increased.  The  soft  X-ray  emission  and 
the  time-resolved  Ne  VIII  line  emission  decreased  in  intensity  with 
increasing  pressure,  and  the  XUV  images  indicated  that  the  spacial 
extent  of  the  emission  region  decreased.  These  observations  indicate 
that  the  plasma  is  insufficiently  heated  to  produce  significant  soft 
X-ray  and  XUV  radiation. 

8.4  Imploded  Neon  Plasma  as  the  Lasant  for  Photopumping 

The  suitability  of  the  imploded  neon  Z-pinch  as  the  lasant  in  a 

photopumped  XUV  laser  is  discussed.  Spectroscopic  measurements 

indicate  two  time  intervals  when  the  plasma  temperature  is  such  that  a 

significant  Ne  IX  ground-state  population  is  expected  (see  Figs.  8.1 

and  8.2).  At  the  first  implosion,  Ne  VIII  is  observed  for  50  ns  from 

19  -3 

a  l-nun  diameter  plasma  with  an  electron  density  of  5  x  10  cm  .  At 

the  second  implosion  Ne  VIII  is  observed  for  150  ns  from  a  3.5-mm 

18  -3 

diameter  plasma  with  an  electron  density  of  5  x  10  cm  .  Peak 

2 

optical  depths  in  the  Ne  IX  Is  -ls4p  line  of  20  and  7  are  expected  at 

the  first  and  second  implosions,  respectively.  This  indicates  that 

2 

99X  of  the  photopumping  radiation  at  the  energy  of  the  Ne  IX  Is  -ls4p 
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transition  is  absorbed  by  the  plasma.  For  the  higher  density, 

collision  rates  from  the  n^A  level  to  higher  levels  are  comparable  to 
2 

the  Ne  IX  Is  -ls4p  transition  probability.  Also  the  optical  depth  for 

transitions  from  the  lover  laser  levels  is  larger  at  the  higher 

density.  For  the  lover  density,  collision  rates  betveen  the  41 

2 

(l=s,p,d,f)  levels  are  comparable  to  the  Ne  IX  Is  -ls4p  transition 
probability. 

8.4.1  Hass-Load  Control  of  the  Temperature 

The  peak  temperature  of  the  neon  plasma  could  be  changed  by 
adjusting  the  initial  mass  load  or  plenum  pressure  of  the  gas  puff. 
This  vas  determined  from  the  ionization  states  present  at  various 
times.  With  the  slov-risetime  current,  a  pressure  of  100  psi  gave  a 
temperature  of  100  eV  at  the  second  implosion  and  appeared  optimal  for 
maximizing  Ne  VIII  emission  vhile  minimizing  Ne  IX  emission.  As  the 
pressure  vas  decreased  from  100  to  50  psi  the  Ne  VIII  emission  did  not 
increase  although  the  Ne  IX  emission  increased  considerably.  As  the 
pressure  vas  increased  from  100  to  150  psi  the  Ne  VIII  emission 
decreased  considerably.  As  the  pressure  vas  decreased  from  100  to  50 
psi  the  emission  from  Ne  VIII  decreased  at  the  time  of  the  first 
implosion,  by  an  amount  consistent  vith  the  decreased  mass.  As  the 
pressure  vas  increased  from  100  to  150  psi,  no  increase  in  the  Ne  VIII 
emission  vas  seen.  With  the  fast-risetime  current  a  pressure  of  50 
psi  appeared  optimal.  For  example,  time-integrated  XUV  spectra  at 
this  pressure  are  similar  to  those  taken  vith  100-psi  pressure  using 
the  slov-risetime  current. 


8.4.2  Current  Control  of  the  Lasant  Uniforaity 


The  axial  uniformity  of  the  plasma  decreased  as  the  current 
driving  the  implosion  increased.  For  example,  soft  X-ray  images 
indicate  regions  less  than  500  ym  in  size  with  temperatures  greater 
than  200  eV.  The  number  of  these  "hot  spots"  increased  with  current. 
For  lover  currents,  radial  nonuniformities  were  observed  in  XUV  and 
visible-light  images.  A  SOO-ym  thick  plasma  shell,  located  at  an 
average  diameter  of  2  mm,  is  evident  in  these  images.  These  radial 
nonuniformities  were  apparent  at  lower  current  levels  than  the  axial 
nonuni formi ties. 

Electron  temperatures  and  densities  with  and  without  the  plasma 
opening  switch  are  similar,  although  the  fast-risetime  current 
requires  larger  current  and  smaller  mass.  For  similar  currents  and 
mass  loads,  the  plasmas  produced  with  the  fast-risetime  current  appear 
to  be  more  uniform  axially  than  the  plasmas  driven  by  the  slow¬ 
risetime  current.  However,  when  the  current  is  increased  and  the 
mass-load  decreased  to  produce  a  plasma  with  similar  characteristics, 
axial  nonuniformities  become  apparent. 

8.4.3  Comparison  with  Photopumping  Experiments 

The  plasma  produced  at  the  first  implosion  is  similar  to  the  neon 
plasma  produced  in  previous  photopumping  experiments  on  the  Gamble  II 
generator.  The  neon  soft  X-ray  spectra  measured  in  the  photopumping 
experiments  are  indicative  of  a  plasma  with  small  regions  of  soft  X- 
ray  emission.  The  electron  temperature  in  these  small  regions  exceeds 
100  eV  and  is  larger  than  desired  for  optimum  Ne  IX  ground-state 
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population.  The  Ne  IX  ground-state  population  is  expected  to  be 
optimum  for  a  brief  period  prior  to  maximum  compression.  The 
occurrence  of  a  second  implosion  was  not  determined  in  the 
photopumping  experiment.  Even  though  the  current  risetime  and 
magnitude  were  comparable  in  the  photopumping  experiments  and  in  the 
present  experiment,  the  implosion  occurred  100  ns  after  the  beginning 
of  the  current  in  the  photopumping  experiment  compared  with  350  ns  in 
the  present  experiment.  The  reason  for  this  difference  is  not 
revealed  by  the  present  investigation. 

8.5  Suggestions  for  Future  Work 

A  neon  Z-pinch  plasma,  produced  by  the  implosion  of  a  neon  gas 

puff,  achieved  a  density  and  temperature  conducive  for  photopumping 

with  11-A  sodium  radiation.  The  plasma  appeared  axially  nonuniform  as 

indicated  by  the  occurrence  of  small  regions  of  soft  X-ray  emission  or 

"hot  spots".  The  uniformity  may  be  improved  by  imbedding  the  plasma 

in  a  magnetic  field.  Experiments  with  a  plasma  focus  indicated  that  a 

background  axial  magnetic  field  inhibited  "hot  spot"  formation  in  a 

130 

similar  neon  plasma.  A  sodium/neon  photopumping  experiment  with 

parallel  Z-pinches  could  incorporate  this  technique.  A  background 

magnetic  field  could  improve  the  axial  uniformity  as  veil  as  reduce 

the  perturbation  of  the  neon  plasma  by  the  azimuthal  magnetic  field 

associated  with  the  sodium  implosion. 

An  alternative  technique  to  make  the  lasant  plasma  is  to  heat  a 

solid  neon  fiber.  Z-pinch  experiments  using  a  frozen  neon  fiber  have 

formed  a  plasma  containing  Ne  IX  and  Ne  X,  although  soft  X-ray  spectra 

131 

indicate  higher  temperatures  than  desired  for  photopumping.  The 

1 
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use  of  a  frozen  neon  fiber  provides  a  way  to  create  the  neon  plasma  in 

a  favorable  lasant  geometry.  Heating  of  neon  gas  or  frozen  neon  with 

60  132 

visible  and  infrared  lasers  has  also  been  reported.  ’ 

Intense  soft  X-ray  radiation  produced  by  imploding  a  sodium  wire 

array  on  a  10-MA  pulsed-pover  generator  is  used  to  heat  a  neon  gas  by 

direct  photoionization  and  to  provide  the  11-A  pump  power. The 

neon  is  contained  in  a  gas  cell  in  this  experiment.  Enhancement  of 
2 

the  Ne  IX  Is  -ls4p  radiation  at  11  A  is  observed  in  soft  X-ray 
spectra;  however,  XUV  spectra  are  needed  to  confirm  population 
inversion  and  lasing. 

Recent  experiments  using  high-current  generators  to  implode 

sodium  wire  arrays  or  NaF  capillary-discharge  plasmas  have  made 

2 

advances  in  increasing  the  power  in  the  11-A  Na  X  Is  -ls2p 
transi tion. An  initial  pump  power  of  25  GW  at  1  MA  has  been 
increased  to  150  GW  at  3  MA  and  200  GW  at  10  MA.  Soft  X-ray  spectra 
from  the  high-power  experiments  indicate  that  the  majority  of  the  line 
radiation  is  produced  by  Lyman  series  transitions  of  Na  XI.  High  pump 
powers  are  achieved  by  increasing  the  mass  load  and  reducing  the 
initial  radius  to  achieve  the  implosion  time  appropriate  for  optimum 
coupling  of  energy  from  the  generator  to  the  load.  As  the  density 
and/or  final  diameter  of  the  imploded  sodium  plasma  increases,  the 
optical  depth  of  the  11-A  Na  X  line  will  increase  and  opacity 
broadening  can  disperse  the  pump-line  power  into  energies  other  than 
the  energy  of  peak  absorption  of  the  neon  plasma.  The  increased 
inductance  of  an  increased-mass  and  decreased-radius  wire-array  load 
and  the  increased  optical  depth  of  the  resulting  plasma  represent 
unfavorable  scalings  of  the  pump  power  with  mass. 

A  possible  geometry  that  overcomes  many  of  the  above  mentioned 
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problems  is  to  use  an  array  of  sodium  vires  surrounding  a  neon  lasant 
on  axis.  Although  a  greater  solid  angle  of  the  sodium  emission  is 
subtended  by  the  neon  plasma  in  a  geometry  where  the  sodium  pump  is 
surrounded  by  the  neon  lasant,  a  larger  flux  per  volume  of  neon  plasma 
is  seen  with  the  sodium  pump  surrounding  the  neon  lasant.  If  an  array 
of  vires  can  be  made  to  explode  (as  in  a  single-vire  experiment) 
without  an  on-axis  implosion,  a  neon  lasant  on  axis  may  remain 
undisturbed.  By  dividing  the  generator  current  into  numerous  current 
channels,  a  lover-inductance  load  is  possible.  The  number  of  sodium 
vires  and  their  diameter  can  be  adjusted  to  control  the  sodium-plasma 
temperature.  The  smaller  current  in  each  sodium  wire  results  in  the 
plasma  not  being  overheated,  and  the  lover  mass  of  each  vire  avoids 
the  opacity-broadening  problem  on  the  pump  line.  Although  the 
required  lasant  can  be  produced  by  a  neon  gas-puff  implosion  on  axis, 
it  suffers  frcm  axial  nonuniformity.  Photoionization  of  the  neon  gas 
by  sufficient  sodium  radiation  from  a  high-current  generator  can  heat 
the  neon  gas  uniformly  in  a  cylindrical  geometry.  This  geometry 
avoids  the  attenuation  of  pump  radiation  along  the  length  of  the 
lasant  and  the  attenuation  of  the  lasing  radiation  at  the  end  of  the 
lasant  associated  with  the  use  of  a  gas  cell.^^’^^^’^^^ 

Alternatively,  a  frozen  neon  fiber  heated  by  radiation  from  the  sodium 
pump  or  by  a  modest  visible  or  infrared  laser  could  be  used  to  produce 
the  lasant.  Experiments  could  be  performed  to  determine  if  a  neon 
fiber  can  be  heated  to  the  appropriate  temperature  by  radiation  from  a 
sodium  Z-pinch,  or  if  auxiliary  laser  heating  is  required.  Neon 
expansion  velocities  associated  with  laser  heating  will  produce  a  blue 
Doppler  shift  that  could  help  offset  the  modest  wavelength  mismatch 
and  increase  the  pump  power  in  the  region  of  neon  absorption.  A 
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geometry  where  the  current  pulse  of  the  Gamble  II  generator  is  divided 

to  produce  multiple  sodium  Z-pinch  implosions  has  been  proposed, 

133 

however  no  experiments  have  been  performed.  Although  technically 
more  difficult  than  the  original  parallel  Z-pinch  plasmas  driven  by 
the  same  current  pulse,  this  geometry  overcomes  many  of  the  potential 
problems . 
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Appendix  A 


ATOMIC  PHYSICS 


The  transition  energies  and  pump  powers  required  for  XUV  lasers 
are  typical  of  high-temperature,  high-density  plasmas  created  by  high- 
power  lasers  and  pulsed-power  devices.  Considerable  theoretical  and 
experimental  efforts  have  been  made  to  understand  the  atomic  processes 
in  these  plasmas.  A  brief  discussion  of  the  basic  atomic  physics 
relevant  to  hot  dense  plasmas  that  is  necessary  for  theoretical 
modeling  and  experimental  analysis  is  presented.  This  discussion  is 
by  no  means  complete  and  standard  references  may  be  consulted  for 
further  details. 

Since  spectroscopic  measurements  are  the  primary  diagnostic  used 
to  study  hot  dense  plasmas,  this  discussion  focuses  on  radiation  from 
highly  ionized  atoms  and  its  dependence  on  the  bulk  properties  of  the 
plasma.  First,  the  effects  of  plasma  properties  on  the  relative 
populations  of  various  ionization  states  and  the  subdivision  of  these 
states  into  various  excitation  levels  is  discussed.  This  information 
is  required  to  relate  radiation  from  a  particular  level  to  the  bulk 
plasma  properties.  Second,  how  plasma  properties  effect  the  detailed 
spectral  features  of  the  emission  is  discussed.  This  division  is 
artificial  in  that  the  two  are  related.  Since  the  emission  and 
absorption  of  radiation  is  due  to  the  transition  of  an  electron  from 
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one  energy  level  to  another,  it  obviously  effects  the  population  of 
the  corresponding  levels,  and  the  conditions  where  this  is  important 
are  discussed. 

A.l  Equilibrium  Relations 

In  general,  the  relative  abundances  of  the  various  ionization 
states  in  a  plasma,  as  well  as  the  populations  of  the  excited  levels 
of  the  ionization  states,  are  determined  by  electron-colllslonally- 
induced  transitions  and  the  emission  and  absorption  of  radiation.  A 
detailed  model  including  the  rates  of  all  these  various  transitions  is 
necessary  to  determine  the  populations.  As  an  illustration  of  some  of 
the  processes  involved,  they  may  be  represented  by: 

N(z,n)  -f  e  <»>  N(z-t-l,g)  +  e  +  e  (A.l) 

where  N(z,n)  represents  an  ion  of  charge  z  in  state  n  (or  g  for  the 
ground  state)  and  e  represents  an  electron.  The  forward  process  is 
referred  to  as  electron  collisional  ionization  and  the  reverse  process 
is  known  as  three-body  recombination.  Electron  collisional  excitation 
and  de-excitation  can  be  represented  in  a  similar  manner: 

N(z,n)  e  <->  N(z,m)  ♦  e  (A. 2) 

where  excitation  may  take  place  from  any  level  (n,m),  not  just  the 
ground  state.  Similar  processes  involving  the  emission  and  absorption 
of  radiation  are  referred  to  as  radiative  recombination  and 
photoionization: 


N(z,g)  +  e  <«>  N(z-l,n)  +  hv 


(A.3) 
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where  hv  represents  the  energy  of  the  photon.  Included  with  radiative 
recombination  should  be  dielectronic  recombination  followed  by  a 
stabilizing  transition.  In  this  situation  a  doubly-excited 
intermediate  state  N(z-l,n,m)  exists,  which  leads  back  to  the  left- 
hand  side  of  Eq.  A. 3  if  an  autoionizing  transition  occurs,  and  to  the 
right-hand  side  of  Eq.  A. 3  if  a  radiative  transition  occurs. 
Spontaneous  emission  and  absorption  of  photons  are  responsible  for 
transitions  between  levels  of  an  ion: 

N(z,n)  <=>  N(z,m)  +  hv.  (A. 4) 

These  processes  do  not  necessarily  involve  the  ground  state.  The 
rates  of  these  processes  have  different  dependences  on  electron 
density;  consequently,  the  process  which  dominates  is  quite  different 
at  low  and  high  electron  densities.  In  many  plasmas,  particular 
processes  totally  dominate  atomic  physics,  and  considerable 
simplification  can  be  made.  For  low-density  plasmas  this 
simplification  results  in  a  coronal  model.  For  high-density  plasmas, 
a  model  based  on  local  thermodynamic  equilibrium  (LTE)  can  be  used. 

At  intermediate  densities  these  simplifications  cannot  be  made  and  a 
complete  collisional-radiative-equilibrium  (CRE)  model  must  be  used. 

Since  electron-colllsional-transl tlon  rates  depend  on  the 
electron  density  and  radiative  transition  rates  do  not,  plasmas  with 
electron  densities  above  a  certain  value  are  dominated  by  electron 
collisional  processes.  In  this  situation  the  plasma  is  said  to  be  in 
local  thermodynamic  equilibrium  (LTE)  and  the  populations  of  the 
various  energy  levels  can  be  described  by  a  temperature  which 
corresponds  to  the  Maxwellian  velocity  distribution  of  the  electrons. 

A  generally  accepted  criterion  for  the  density  above  which  LTE  holds. 
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is  that  the  colllsional  population  rate  be  an  order-o£-magnitude 

136 

larger  than  the  radiative  population  rate.  When  this  condition 
exists  for  all  states  of  an  ion,  then  complete  LIE  exists.  The 
condition  for  complete  LIE  can  be  estimated  by: 
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where  is  the  electron  density,  k  is  the  Boltzmann  constant,  T  is 

the  electron  temperature,  Eg  is  the  ionization  energy  of  hydrogen,  and 
Z—  1 

E2  is  the  excitation  energy  of  the  resonance  transition.  When  this 
condition  is  fulfilled,  the  relative  populations  of  the  various  levels 
of  a  particular  ionization  state  can  be  determined  from  the 
corresponding  Boltzmann  factor  and  the  partition  function: 
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where  N  is  the  total  population  of  the  ion  with  charge  z-1, 

is  the  excited-state  population  of  a  particular  level  n,  g^  is  the 

degeneracy  of  level  n,  E^  is  the  energy  of  the  level,  and  Z(T)  is  the 

partition  function.  The  partition  function  is  a  measure  of  the  number 

of  states  available  in  an  ion  at  a  particular  temperature.  It  can  be 

evaluated  from: 


where  the  symbols  have  been  defined  previously.  To  evaluate  the 
partition  function,  various  approximations  have  been  used  to  overcome 
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the  divergence  of  the  summation.  The  Boltzmann  relationship  can  be 
extended  to  relate  the  population  of  a  particular  ionization  state  to 
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the  next  higher  ionization  state  and  to  the  electron  density. This 
relationship  is  given  by  the  Saha  equation: 


N  N 
e 


N 


z-1 


2Z*(T) 

Z^"^(T) 


2itmkT 

3/2 

2 

exp 

h*^ 

\ 

kT 


(A. 8) 


2  1 

where  m  is  the  electron  mass,  h  is  Planck's  constant,  E  is  the 

00 

ionization  energy,  and  is  the  lowering  of  the  ionization 

energy,  which  is  defined  below.  All  other  symbols  have  been  defined 
previously.  The  reduction  of  the  ionization  energy  AE^^~^  of  a 
particular  ionization  state  accounts  for  the  energy  released  when  an 
electron-ion  pair  is  immersed  in  a  plasma.  It  is  given  by: 


ze 


(A. 9) 


where  z  is  the  charge  seen  by  the  electron  for  which  the  ionization 
energy  is  reduced  (e.g.,  z=8  for  Ne  VIII),  e  is  the  charge  of  the 
electron,  is  the  permittivity  of  free  space,  and  pp  is  the  Debye 
radius.  The  Debye  radius  represents  a  distance  beyond  which  the 
potential  of  the  individual  charged  particles  in  a  plasma  are 
exponentially  reduced  below  the  Coulomb  potential.  It  is  given  by: 
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for  a  single  species  plasma.  The  summation  is  over  all  charge  states 
in  the  plasma  and  should  be  extended  to  include  all  atomic  species  for 
a  multicomponent  plasma. 

The  condition  for  LTE  requires  extremely  large  electron  densities 
and  is  difficult  to  achieve  in  laboratory  plasmas.  The  electron- 
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collisional-transition  rates  and  the  radiative-transition  rates  have 
different  dependences  on  the  energy  of  the  levels  involved  in  the 
transition.  The  density  at  which  a  particular  energy  level,  described 
by  its  principal  quantum  number  n,  is  in  equilibrium  with  all  higher 
levels  depends  on  the  energy  of  that  level.  A  level  described  by 
principal  quantum  number  n  is  said  to  be  in  partial  LTE  with  all 
levels  of  higher  principal  quantum  number  when  the  electron- 
collisional-population  rate  from  all  higher  energy  levels  exceeds  the 
total-radiative-decay  rate  by  an  order  of  magnitude.  The  condition 
for  partial  LTE  is  given  by: 
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where  n  is  the  principal  quantum  number  of  the  transition  of  interest, 
and  the  remaining  symbols  have  the  same  meanings  as  described  above. 
For  levels  that  satisfy  this  density  requirement,  the  population  is 
collisionally  coupled  to  higher  levels  and  to  the  ground  state  of  the 
next  higher  ionization  stage.  For  these  levels,  another  form  of  the 
Saha  equation  can  be  used,  which  relates  the  population  of  a 

Z“1 

particular  excited  level  of  a  particular  charge  state  to  the 

population  of  the  ground  state  of  the  next  higher  ionization  state 
N^*.138  given  by: 
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where  E^'  is  the  binding  energy  of  the  electron  in  this  level. 

Another  situation  in  which  the  atomic  physics  of  the  level 
populations  can  be  greatly  simplified  is  in  a  plasma  of  low  electron 
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density  in  which  a  coronal  equilibrium  exists.  Here,  the  electron 
density  is  too  low  for  LTE  to  exist,  and  radiative  decay  is  important 
compared  to  electron  collisional  excitation  for  some  levels.  A 
comparison  can  be  made  between  the  total  electron-collisional- 
excitation  rate  from  a  particular  level  to  all  higher  levels  and  the 
total  radiative-decay  rate  from  a  particular  level  to  all  lower 
levels.  This  comparison  is  similar  to  the  condition  for  partial  LTE 
except  that  the  rates  are  equal  rather  than  different  by  an  order  of 
magnitude.  Equating  these  rates  provides  an  estimate  of  the  principal 
quantum  number  n'  above  which  collisional  ionization  is  more  likely 
and  below  which  radiative  decay  is  more  likely.  This  value  of  n'  is 
referred  to  as  the  "collision  limit",  and  may  be  approximated  by; 
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where  the  symbols  have  their  standard  meanings.  The  value  of  n'  in 
the  exponential  in  Eq.  A. 13  usually  can  be  approximated  so  that  the 
equation  can  be  solved  by  iteration.  Ionization  balance  is  determined 
by  equating  the  effective  ionization  rate  and  the  effective 
recombination  rate.  The  effective  ionization  rate  is  determined  by 
direct  ionization  and  electron  collisional  excitation  from  levels 
below  n'  to  levels  above  n'.  The  effective  recombination  rate  is 
determined  from  actual  recombination  rates  and  from  radiative  and 
collisional  rates  from  levels  above  n'  to  levels  below  n' .  This 
ionization  balance  is  expressed  by: 


-  . 
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where  S  is  the  collisional-radiative  ionization  coefficient  and  a  is 
the  collisional-radiative  recombination  coefficient.^^®  An  important 
point  to  note  is  the  lack  of  dependence  on  electron  density.  The  rate 
coefficients  depend  on  the  energy  levels  involved  and  on  the  electron 
temperature,  but  not  on  the  electron  density.  Other  models  based  on 
the  coronal  relation  may  vary  in  the  detailed  ionization  and 
recombination  rates  used,  however  the  lack  of  dependence  on  electron 
density  is  common  to  all  coronal  models. The  excited-state 
populations  of  levels  below  the  collision  limit  of  a  particular 
ionization  state  are  determined  by  a  balance  between  the  collisional 
excitation  rate  from  the  ground  state  and  the  total  rate  of 


spontaneous  decay 
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This  can  be  expressed  as: 
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where  is  the  collisional  transition  rate  per  atom  as  described 

ng 

below,  and  A  is  the  transition  probability  from  state  n  to  state  m. 
nm 

The  summation  is  taken  over  all  levels  less  than  n.  An  expression  for 
the  collisional  excitation  rate  is  given  by: 
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where  f  is  the  oscillator  strength,  and  AE  is  the  energy  of  the 
ng 
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transition. 

Techniques  for  determining  level  populations  and  ionization 
balance  have  been  discussed  for  two  situations  where  simplifications 
in  the  atomic  physics  can  be  made.  For  low-density  plasmas,  levels 
below  the  collision  limit  can  be  modeled  using  the  conditions  for 
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coronal  equilibrium.  Ionization  balance  ia  determined  by  collisional 
ionization  and  radiative  recombination,  and  the  population  of  a 
particular  level  is  determined  by  the  excitation  rate  from  the  ground 
state  and  by  the  sum  of  transition  probabilities  to  all  lover  levels. 
For  high-density  plasmas  in  total  LTE,  level  populations  are 
determined  by  their  Boltzmann  factors,  and  ionization  balance  is 
determined  from  the  Saha  equation.  For  energy  levels  in  partial  LTE, 
the  population  relative  to  the  ground  state  of  the  next  higher 
ionization  state  can  be  determined  from  the  Saha  equation.  For 
intermediate  densities  a  collisional-radiative  model  must  be  used 
which  includes  the  rates  of  the  various  processes  which  determine 
ionization  balance  and  level  population. 

A. 2  Spectral  Emission 

Detailed  spectral  features  of  the  radiation  emitted  from  a  plasma 
can  provide  information  about  the  conditions  in  the  plasma.  Relative 
intensities  of  radiation  at  different  energies  can  be  used  to 
determine  relative  populations  of  the  levels  from  which  this  radiation 
originated.  Absolute  intensity  measurement  proviue  an  absolute 
measure  of  populations  of  the  corresponding  levels.  When  compared 
with  a  model  of  the  populations  of  various  levels  based  on  an  electron 
temperature  and  electron  density,  an  estimate  of  these  plasma 
parameters  can  be  made.  The  profile  of  characteristic  radiation 
emitted  by  transitions  between  energy  levels  can  also  be  used  to 
determine  properties  of  the  plasma  at  the  location  where  the  radiation 
was  emitted.  Motion  of  emitting  ions  relative  to  the  observer 
produces  Doppler  shifts  in  the  energy  of  the  radiation.  Electric 
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fields  associated  with  charged  particles  in  the  plasma  cause 
perturbations  in  the  energy  levels  of  the  ions  and  in  the 
corresponding  energy  of  the  radiation  produced  by  transitions  between 
these  levels.  These  effects  cause  a  broadening  of  the  characteristic 
line  radiation,  and  this  broadening  depends  on  the  temperature  and 
density  oZ  the  plasma. 

A. 2.1  Line  Intensity 


The  total  intensity  of  a  spectral  line  emitted  from  a  plasma, 
integrated  over  the  entire  line  shape,  is  given  by: 


J  I 


mn 


dX 


2iih  c^  r 

o 


mn 


f 

mn 


Sr. 


J  N  dx 
m 


J  N  dx 
4n  m 


(A. 17) 


where  X  is  the  wavelength  of  the  transition,  is  the  energy,  f_,„ 
mn  nm  "  mn 

is  the  oscillator  strength,  is  the  transition  probability,  c  is 

the  speed  of  light,  r^  is  the  classical  electron  radius,  and  is  the 

population  of  the  upper  lev  1.^^^  The  integral  over  the  population  of 

the  upper  level  is  taken  along  the  line  of  sight.  If  this  population 

is  constant  along  the  line  of  sight  or  a  line-average  value  is 

sufficient,  then  the  integral  may  be  replaced  by  the  product  of  the 

density  and  the  spatial  dimension  of  the  source.  If  not,  then  a 

spatially-resolved  emission  profile  must  be  inverted  to  determine  the 

146  147 

spatial  distribution  of  the  upper-state  density.  ’  The  integral 
over  the  wavelength  must  include  the  entire  spectral  line,  or  errors 
in  the  intensity  may  occur.  Therefore,  knowledge  of  the  line  width 
is  necessary  to  ens-re  that  the  entire  line  is  included.  This  assumes 
that  the  line  of  interest  is  optically  thin.  The  optical  depth  of  the 
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line  should  be  estimated  to  determine  if  this  assumption  is  valid. 

The  optical  depth  x  of  the  resonant  line  of  a  particular 
ionization  state  that  is  Doppler  broadened  is  given  by: 
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where  A  is  the  atomic  weight,  is  the  lower-level  density,  and  d 

149 

is  the  optical  path  length.  If  the  line  broadening  is  larger  than 
that  caused  by  Doppler  broadening,  then  the  optical  depth  in  Eq.  A. 18 
must  be  multiplied  by  the  ratio  of  the  Doppler  broadening  to  the 
actual  broadening.  Techniques  to  estimate  these  broadening  mechanisms 
are  discussed  below. 


A. 2. 2  Line  Broadening 

The  measured  profile  of  the  characteristic  radiation  from  a 
plasma  is  determined  by  a  combination  of  three  factors:  (1)  the 
conditions  present  in  the  plasma  where  the  radiation  is  emitted,  (2) 
the  path  traveled  by  the  radiation  to  the  detector,  and  (3)  the 
response  of  the  detector.  If  these  factors  can  be  unfolded,  the 
profile  can  be  used  to  estimate  conditions  in  the  plasma  by  comparing 
the  profile  with  various  line-broadening  theories.  In  situations 
where  the  profile  is  determined  primarily  by  one  factor,  the  unfolding 
can  be  simplified  considerably.  The  primary  broadening  mechanisms  in 
high-temperature  high-density  plasmas  are  Doppler  broadening  due  to 
ion  temperature  and  Stark  broadening  due  to  density.  Reabsorption  of 
radiation  in  the  plasma  modifies  the  line  profile  and  can  lead  to 
opacity  bros^dening.  The  theory  of  these  broadening  mechanisms  will  be 
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discussed,  and  techniques  to  estimate  the  conditions  under  which  they 
are  important  will  be  presented. 

The  frequency  of  radiation  emitted  by  a  system  moving  relative  to 
the  observer  is  Doppler  shifted  by  an  amount  proportional  to  the 
relative  velocity.  Because  of  this,  the  profile  of  radiation  emitted 
by  particles  in  a  plasma  is  determined  by  the  velocity  distribution  of 
the  particles.  If  the  profile  of  a  spectral  line  emitted  by  ions  with 
a  thermal  velocity  distribution  is  determined  solely  by  Doppler 
broadening,  then  the  resulting  profile  is  Gaussian,  and  the  width  can 
be  determined  from: 
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where  w^^  is  the  half-width  at  half-maximum,  M  is  the  ion  mass,  is 
the  ion  temperature,  and  is  the  central  wavelength  of  the 
transition. A  measure  of  this  width  can  be  used  to  determine  the 
plasma  ion  temperature.  If  unresolved  macroscopic  motion  is  present, 
Doppler  broadening  may  also  result  in  a  Gaussian  line  shape  with  a 
width  determined  by: 
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where  v^  is  the  mean  velocity  of  relative  motion  along  the  line  of 
sight.  This  width  does  not  reflect  the  ion  temperature  and  care  must 
be  taken  not  to  interpret  this  type  of  broadening  as  such. 

Atoms  and  ions  in  a  plasma  are  influenced  by  the  electric  field 
produced  by  the  other  ions  and  electrons.  The  energy  levels  of  atoms 
or  ions  are  perturbed  by  this  electric  field.  This  causes  energy- 
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level  shifts  and  a  corresponding  change  In  the  energy  of  radiative 
transitions.  The  energy-level  shift  due  to  an  electric  field  is  known 
as  the  Stark  effect.  The  nature  of  this  change  depends  on  the 
strength  of  the  field  and  the  structure  of  the  atom  or  ion.  A 
discussion  of  the  effects  of  these  electric  fields  is  usually  divided 
into  two  parts  because  the  nature  of  the  effects  is  different  for 
electrons  and  ions.  For  ions,  the  quasistatic  approximation  is 
generally  used.  The  ions  are  assumed  to  be  static,  and  effects  on  the 
radiating  system  by  the  static  field  of  the  ions  are  considered.  For 
electrons,  the  impact  approximation  is  generally  used.  In  this 
approximation,  the  effects  of  collisions  between  electrons  and  the 
radiating  system  are  considered.  The  general  calculation  involves  a 
combination  of  these  two  approximations.  The  impact  approximation  is 
used  to  calculate  the  effect  of  a  collision  between  an  electron  and  a 
radiating  system.  The  radiating  system  is  under  the  influence  of  the 
static  field  of  the  ions  (in  the  quasistatic  approximation).  Then  the 
line  profile  is  determined  by  averaging  over  various  impact  parameters 
and  velocities  for  the  collisions  (under  the  impact  approximation)  and 
various  static  field  strengths  (under  the  quasistatic  approximation). 

A  qualitative  discussion  of  the  contributions  of  these  two 
approximations  follows.  The  static  field  of  the  ions  produces  a  shift 
or  splitting  of  the  energy  levels  due  to  the  Stark  effect.  The 
separation  of  these  various  "Stark  levels"  depends  on  the  electric- 
field  strength.  For  hydrogenic  radiators,  this  dependence  is  linear 
with  field  strength  and  is  referred  to  as  the  "linear  Stark  effect". 
For  non-hydrogenic  radiators,  the  shift  depends,  to  lowest  order,  on 
the  square  of  the  field  strength  and  is  referred  to  as  the  "quadratic 
Stark  effect".  Collisions  between  the  radiating  system  and  electrons 


197 


effectively  reduce  the  lifetime  of  excited  levels.  This  reduction 

produces  an  increase  in  the  uncertainty  in  energy  of  the  excited  level 

due  to  the  uncertainty  principle.  This  energy  uncertainty  is 

manifested  in  a  "collisional  broadening"  of  the  line  radiation.  In 

many  situations  the  resulting  line  profile  can  be  represented  by  a 

Lorentzian  line  shape.  The  result  of  splitting  one  level  into  several 

levels  and  the  subsequent  broadening  of  these  levels  produces  a  line 

shape  that  depends  upon  both  electron  and  ion  densities.  If  the 

dependence  of  the  line  shape  on  electron  and  ion  density  is  known,  a 

line-shape  measurement  can  be  used  to  determine  the  density.  This 

density  dependence  is  not  simple  and  has  been  the  topic  of 

considerable  research. Because  line-broadening  calculations  depend 

on  the  particular  energy  levels  involved,  no  general  theory  for  all 
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transitions  is  available.  Specific  calculations  pertaining  to 
transitions  of  interest  will  be  discussed  where  appropriate. 

A  general  theory  of  Stark  broadening  has  been  developed  to 
describe  the  merging  of  a  spectral-line  series  as  the  ionization  limit 
is  approached.  As  the  principal  quantum  number  of  transitions  in  a 
particular  series  increases,  the  separation  in  energy  between  the 
transitions  decreases.  Also,  as  the  principal  quantum  number 
increases,  line  broadening  due  to  the  Stark  effect  increases. 

Therefore,  for  a  given  density  there  is  a  principal  quantum  number 
above  which  the  separation  between  spectral  lines  is  equal  to  or  less 
than  the  width  of  the  lines.  For  transitions  above  this  limit,  the 
lines  become  merged  and  appear  as  continuum.  This  results  in  an 
apparent  advance  of  the  series  limit,  known  as  the  Inglis-Teller 
limit.  For  hydrogenic  ions  the  advanced  series  limit,  in  terms  of  the 

Z“1 

last  discernible  line  of  a  series  n  ,  is  given  by: 
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(A. 21) 
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where  is  the  Bohr  radius  (0.53  A).  This  relation  can  also  be 

expressed  in  terms  of  the  ionization  energy  of  the  level  described  by 

the  principal  quantum  number  n  : 
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In  general,  the  profile  of  a  particular  line  will  be  influenced 
by  both  Doppler  and  Stark  broadening.  The  contributions  of  both 
broadening  mechanisms  must  be  determined  before  quantitative 
comparisons  with  theory  can  be  made.  Contributions  from  both 
broadening  processes  must  be  folded  together  by  means  of  a  convolution 
integral.  In  the  situation  where  Doppler  and  Stark  broadening  can  be 
represented  by  Gaussian  and  Lorentzian  line  shapes,  respectively,  the 
convolution  integral  results  in  a  Voigt  profile.  ’ 

The  response  of  the  spectrograph  must  also  be  considered  before 
interpreting  a  measured  profile.  This  is  typically  done  by  measuring 
the  apparent  width  of  a  line  from  a  low-pressure  lamp  or  laser  because 
these  sources  produce  lines  with  widths  below  the  resolution  of  most 
instruments.  This  apparent  width  or  the  corresponding  instrument 
function  is  folded  with  the  other  broadening  mechanisms.  To  obtain 
meaningful  measurements  the  instrument  function  should  be  narrow 
compared  with  the  other  broadening  mechanisms.  In  this  case,  assuming 
a  Gaussian  line  shape  for  the  instrument  function  does  not  result  in 
significant  errors.  For  a  Gaussian  instrument  function  and  a  Doppler 
profile,  the  folding  is  straightforward  because  the  convolution  of  two 
Gaussian  functions  is  a  Gaussian  function  with  a  width  determined  by 
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the  root  of  the  sum  of  the  squares  of  the  individual  widths.  The 
total  width  is  used  to  determine  the  final  profile. 

If  the  optical  depth  of  the  plasma  is  less  than  unity  for  a 
particular  transition,  then  the  plasma  is  optically  thin  for  that 
transition,  and  the  intensity  and  shape  of  the  line  can  be  interpreted 
in  terms  of  the  upper-level  population  and  line-broadening  processes. 
If  the  optical  depth  is  greater  than  unity,  the  plasma  is  optically 
thick  and  the  emitted  intensity  is  not  representative  of  the  line- 
integrated  upper-level  density.  Also  the  line  shape  will  be  distorted 
due  to  re-absorption  at  and  near  the  wavelength  of  peak  intensity. 

For  large  optical  depth  this  will  produce  an  apparent  broadening  of 
the  line  which  can  be  estimated  by: 

=  2  AX  (A. 23) 

where  AX^  is  the  half-intensity  width  of  the  opacity-broadened  line, 
and  AX  is  the  optically-thin  half-intensity  width  of  a  Lorentzian 
profile.^ 

A. 2. 3  Continuum  Intensity 

The  radiation  emitted  from  a  plasma  consists  not  only  of  line 
radiation,  but  also  of  continuum  radiation  arising  from  free-electron 
transitions.  If  the  continuum  radiation  is  due  a  transition  between 
two  free  states,  it  is  referred  to  as  bremsstrahlung  radiation.  If 
the  continuum  radiation  is  due  to  a  transition  between  a  free  state 
and  a  bound  state,  it  is  referred  to  as  recombination  continuum.  In 
both  cases,  the  transitions  involve  ions  (or  atoms)  in  the  plasma,  and 
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the  total  emission  is  determined  by  summing  contributions  from  the 
various  ionization  states.  The  continuum  emission  (energy  per 

unit  volume,  time,  solid  angle,  and  frequency  interval)  for  a 
particular  ionization  state  due  to  free-free  transitions  is  given  by: 


"ff 


16  («a^)3  e^3/2 


z^Eg/nJ  ^ 


kT 


z-1  ' 

-AE  ^  ^  -  hv 


X  exp 


kT 


(A.24) 


where  a  is  the  fine  structure  constant,  g^  is  a  correction  due  to  non- 

classical  behavior  (Gaunt  factor),  hv  is  the  energy  of  the  radiation, 

and  n^  is  the  principal  quantum  number  of  the  series  limit  (Eq. 

13A  z 

A. 21).  The  continuum  emission  for  a  particular  ionization 

state  due  to  free-bound  transitions  is  given  by: 
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(A. 25) 


where  the  factors  and  g^*  are  Gaunt  factors  and  depend  on  the 

Z— 1  Z— 1 

energy  of  the  emitted  radiation.  The  factors  E^  and  E^j^  are  the 
ionization  energy  and  excitation  energy,  respectively.  The  limits  on 
the  sums  depend  on  the  energy  of  the  radiation  for  which  the  emission 
is  being  calculated.  The  only  levels  included  in  these  sums  are 
levels  with  excitation  energies  larger  than  the  difference  between  the 
effective  ionization  energy  and  the  energy  of  the  photon  of  interest. 
This  can  be  expressed  as: 
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(A. 26) 


where  the  effective  ionization  energy  has  been  defined  as  the 

ionization  energy  minus  the  advance  of  the  series  limit  (Eq.  A. 22). 

For  non>hydrogenic  ions,  the  g^^j^  in  the  first  sum  also  correct  for 

non-hydrogenic  behavior,  and  the  sum  is  then  over  states  with  n  <  4 

that  fulfill  the  above  requirement.  If  there  are  no  such  states,  this 

sum  is  omitted.  The  lover  limit  of  the  second  sum  is  n-^  unless  that 

state  does  not  fulfill  the  above  requirement.  In  that  case  the  lover 

limit  is  the  first  level  that  does  fulfill  the  requirement.  The  upper 

limit  of  the  second  sum  is  determined  by  the  advanced  series  limit 

(Eq.  A. 21).  Both  quantities  and  are  in  units  of  angular 

frequency  interval.  To  transform  to  wavelength  interval,  they  must  be 

2 

multiplied  by  2nc/X  .  Then  the  dimensions  become  energy  per  unit 
volume,  time,  solid  angle,  and  wavelength  interval. 
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Appendix  B 


MODELING  OP  DTNAHIC  IMPLOSIONS 


An  investigation  was  made  to  determine  the  driving  current  and 
mass  load  required  to  implode  a  neon  gas  puff  and  produce  a  50  to  100 
eV  plasma  with  an  ion  density  of  10^®  to  10^^  cm~^.  The  motivation  is 
to  produce  an  optimum  neon  plasma  for  photopumping  with  radiation  from 
a  nearby  sodium  plasma.  A  0-D  implosion  code,  used  previously  to 
simulate  neon  and  argon  implosions  on  the  Gamble  II  generator,  was 
modified  for  this  study.  Resistive  effects,  which  were  added  to  the 
code,  produced  a  hotter  initial  plasma  and  a  smaller  peak  density  for 
the  imploded  plasma.  The  optimum  parameters  to  obtain  the  desired 
plasma  conditions  were  driving  currents  of  120  to  240  kA  and  mass 
loads  of  3  to  9  yg/cm  for  an  initial  gas-puff  radius  of  6  mm.  For  a 
3-mm  initial  radius,  either  more  mass  or  less  current  was  required  to 
achieve  the  same  plasma  conditions.  For  a  9-mm  initial  radius,  less 
mass  or  more  current  was  required  to  achieve  these  plasma  conditions. 

B.l  Applicability  of  the  Original  Code 

A  0-D  implosion  code  was  developed  and  used  to  simulate  neon  Z- 

pinch  implosions  on  the  Gamble  II  generator  and  to  predict  X-ray 

80 

outputs  of  these  plasma  radiation  sources.  Megampere  level  currents 
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were  used  to  implode  annular  gas  puffs  with  linear  mass  densities  of 
30  to  50  Mg/cm.  Imploded  plasma  temperatures  of  300  to  800  eV  and  ion 
densities  of  10  cm  were  predicted.  An  example  of  time  histories 
of  temperature  and  ion  density  for  a  42-Mg/cm  neon  implosion  driven  by 
Gamble  II  with  a  peak  voltage  of  3.0  MV  is  given  in  Fig.  B.l(a).  Time 
histories  of  K-shell  and  L-shell  radiation  outputs  are  given  in  Fig. 
B.l(b).  The  results  of  similar  calculations  for  mass  loads  of 
35  ug/cm  and  50  ug/cm  are  given  in  Table  B.l.  These  results  will  be 
compared  with  calculations  which  include  resistive  heating  in  Sec. 

B.2. 

It  was  desired  to  use  this  code  to  study  the  implosions  of  a 
solid  cylinder  of  neon  with  smaller  driving  current  and  mass  loads. 
Since  the  original  code  was  used  to  simulate  implosions  of  annular  gas 
puffs,  the  effect  of  increasing  the  width  of  the  annular  region  to 
model  a  solid  puff  was  investigated.  The  relevant  parameters  for  the 
annular  geometry  are  Illustrated  in  Fig.  B.2,  where  A  is  the  outer 
radius  of  the  puff,  V  is  the  width  of  the  annulus,  and  R  is  the  radius 
of  thermalization.  The  radius  of  thermalization  is  an  artificial 
distance  introduced  into  the  calculation  to  establish  the  point  at 
which  the  kinetic  energy  of  the  imploding  ions  is  converted  into 
internal  energy.  Vhen  the  inner  radius  of  the  annulus  becomes  equal 
to  the  radius  of  thermalization  (A  -  V  «  R),  the  ion  kinetic  energy  in 
the  imploding  annulus  is  converted  into  internal  energy  of  the  plasma 
and  the  plasma  temperature  increases.  An  initial  radius  of  1.0  cm  and 
a  width  of  0.3  cm  were  used  for  the  calculations  presented  in  Figs. 
B.l(a)  and  B.l(b).  Attempts  were  made  to  investigate  the  effect  of 
increasing  this  width.  For  a  0.45-cm  width  the  implosion  produced  a 
plasma  of  unrealistically  high  density.  Increasing  the 
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Time  (ns) 


FIG.  B.l.  (a)  Calculated  time  histories  of  temperature  (solid)  and 
density  (dashed)  and  (b)  K-shell  (solid)  and  L-shell  (dashed) 
radiation  for  an  implosion  on  Gamble  II  with  3-MV  peak  voltage. 


205 


Power  (GW) 


Mass 

Load 

(ug/cm) 

Temp. 

(ev) 

Ion  Density 
(1/cm3) 

K 

(KJ) 

Shell 

(GW) 

35 

858 

1.2e20 

1.9 

422 

42 

532 

1.6e20 

4.2 

1  250 

50 

357 

1.9e20 

4.4 

1270 

Table  B.l.  Comparison  of  temperature,  density,  and  radiation  for 
various  mass  loads  without  resistance  (I«1.25  HA,  A-1.0  cm,  VsO.3  cm). 
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FIG.  B.2.  Annular  gas-pu££  geometry  with  outer  radius  A,  width 
radius  of  thermaliaation  R. 
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width  to  0.6  cm  caused  the  calculation  to  terminate  when  the  outer 
radius  of  the  implosion  decreased  to  less  than  a  preset  (unphysical) 
value  of  0.001  cm. 

Code  calculations  were  carried  out  successfully  for  different 
annular  widths  by  reducing  the  peak,  voltage  associated  with  the  Gamble 
II  waveshape  to  0.75  MV.  The  width  V  was  varied  from  0.1  to  0.4  cm 
while  the  outer  radius  A  and  radius  of  thermalization  R  remained  fixed 
at  0.6  cm  and  0.05  cm,  respectively.  The  peak  temperatures  and  ion 
densities  for  this  calculation  for  a  20  yg/cm  mass  load  and  300  kA 
peak  current  are  shown  in  Fig.  B.3(a).  As  the  width  increases  from 
0.1  to  0.4  cm,  the  temperature  increases  a  factor  of  two  and  the 
density  increases  a  factor  of  17.  When  the  radius  of  thermalization 
was  varied  the  peak  temperature  and  ion  density  changed  less,  as  shown 
in  Fig.  B.3(b)  for  a  mass  load  of  30  ug/cm.  This  larger  mass  load  was 
used  to  prevent  the  calculation  from  terminating  as  the  radius  of 
thermalization  R  was  varied.  As  R  increased  from  0.02  to  0.10  cm,  the 
peak  temperature  increases  only  17Z  and  the  density  increases  a  factor 
of  7. 

B.2  Modification  of  the  Code 

Resistive  effects  were  not  included  in  the  original  code  because 
most  of  the  heating  in  megampere-driven  implosions  is  from 
thermalization  of  kinetic  energy  of  the  implosion.  For  calculations 
at  lower  current  levels,  which  would  be  more  appropriate  for  preparing 
a  neon  lasant  for  photopumping,  the  run-in  kinetic  energy  produced  a 
small  core  temperature,  and  the  implosion  resulted  in  an  unrealistic 
small-radius,  hlgh-density  plasma.  In  order  to  account  for  resistive 
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FIG.  B.3.  Peak  temperatures  (solid)  and  ion  densities  (dashed)  for 
various  (a)  widths  W  (1-300  kA,  M-20  yg/cm,  R-0.5  cm,  A-0.6  cm)  and 
(b)  thermalization  radii  R  (1-300  kA,  M-30  ug/cm,  W-0.5  cm,  A=0.6  cm) 
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heating  of  the  plasma,  Spitzer  resistivity  was  added  to  the  power- 
balance  equation  according  to: 

dE/dt  =  -  pj^,  (B.l) 

where  dE/dt  is  the  change  in  total  internal  energy  of  the  core  per 
unit  time,  P^  is  the  compressional  work  done  per  unit  time,  P^  is  the 
power  added  from  resistive  effects,  and  P^  is  the  power  lost  due  to 
radiation.  The  resistive  power  is  given  by: 


-2  3/2  155 

where  q  «  1.03  x  10  Z  In  A/  is  the  resistivity  with  In  A 

being  the  Coulomb  logarithm  (see  Eq.  3.4).  With  resistive  heating, 

the  total  energy  of  the  plasma  is  increased  early  in  time  and  the 

temperature  prior  to  implosion  is  correspondingly  higher.  This 

results  in  a  smaller,  more  realistic  peak  density  and  a 

correspondingly  larger  final  radius  at  implosion.  Examples  of  time 

histories  of  the  temperature  and  ion  density  for  an  implosion  driven 

by  the  Gamble  II  waveshape  with  a  peak  voltage  of  3.0  MV  are  given  in 

Fig.  B.4(a)  for  a  mass  load  of  42  yg/cm.  Time  histories  of  the  L- 

shell  and  K-shell  radiation  are  given  in  Fig.  B.4(b).  These  results 

can  be  compared  with  similar  results  in  Figs  B.l(a)  and  B.l(b)  to  see 

the  effect  of  including  resistive  heating.  The  same  results  for  mass 

loads  of  35  yg/cm  and  50  yg/cm  are  given  in  Table  B.2  and  can  be 

compared  with  those  of  Table  B.l. 

The  effect  of  the  width  of  the  annulus  on  the  peak  temperature 
and  ion  density  was  investigated  with  resistive  heating  included  in 
the  analysis.  The  results,  presented  in  Fig.  B.5(a),  show  that  the 
peak  temperature  increased  by  more  than  a  factor  of  two  and  the  ion 


210 


i 


Time  (ns) 


o 

a 


V) 

I 


Time  (ns) 


FIG.  B.4.  Calculated  time  histories  of  (a)  temperature  (solid)  and 
density  (dashed)  and  (b)  K-shell  (solid)  and  L-shell  (dashed) 
radiation  for  an  implosion  on  Gamble  II  with  3-MV  peak  voltage. 
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Mass 

Load 

(ug/cm) 

Temp. 

(ev) 

Ion  Density 
(1/cm3) 

K 

(KJ) 

Shell 

(GW) 

35 

766 

2.8e19 

1.1 

109 

42 

536 

3.1e19 

1.8 

220 

50 

374 

3.1e19 

2.0 

263 

Table  B.2.  Temperatures,  densities,  and  radiation  for  various  masses 
with  resistance.  (I>1.25  MA,  A-1.0  cm,  V-0.3  cm) 


212 


35 


1e+23 


> 

(1) 


0) 

(t5 

k_ 

OJ 

a 

E 

OJ 

I- 


> 

0; 

5 

(0 

w 

<D 


<U 


W  (cm) 


n 

I 

E 

u 

> 

in 

c 

0) 

Q 

c 

o 


c 

"j 


X 

c 

a* 


R  (cm) 

FIG.  B.5.  Peak  temperature  (solid)  and  ion  density  (dotted)  for 
various  (a)  widths  V  (I^SOO  kA,  H=20  iig/cm,  R^O.OS  cm,  A=0.6  cm)  and 
(b)  thermalization  radii  R  (1*300  kA,  M*30  yg/cm,  V*0.5  cm,  A*0.6  cm). 
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density  increased  by  a  factor  of  7  as  the  width  was  varied  from  0.1  to 
0.4  cm.  Over  this  range  of  widths,  the  final  density  is  reduced  by  a 
factor  of  5  to  30  compared  with  results  without  resistive  heating. 

This  indicates  that  resistive  heating  early  in  time  produces  a  plasma 
which  does  not  implode  to  as  small  a  radius  due  to  increased  internal 
pressure  throughout  the  implosion. 

The  effect  of  changing  the  radius  of  thermalization  on  the  peak 
temperature  and  density  is  shown  in  Fig.  B.5(b).  The  peak  temperature 

varied  by  IkX  and  the  peak  density  varied  by  a  factor  of  1.5  as  the 

radius  of  thermalization  was  changed  from  0.06  to  0.1  cm.  When  the 

radius  of  thermalization  was  decreased  below  0.06  cm,  there  was  little 

change  in  the  temperature  or  ion  density. 

B.3  Optimization 

To  achieve  conditions  of  optimum  gain  for  the  ns3  to  n^A  singlet 
lines  of  heliumlike  neon  in  a  plasma  photopumped  by  11-A  radiation 

from  a  sodium  plasma,  temperatures  of  50  to  100  eV  and  ion  densities 

18  19  -3 

of  10  to  10  cm~  have  been  predicted  to  be  required  for  the  neon 
plasma.^  To  achieve  these  conditions  in  an  imploding  neon  Z-pinch,  an 
investigation  into  the  appropriate  driving  current  and  mass  load  was 
made.  Also,  effects  of  variations  of  the  risetime  of  the  driving 
current,  the  width  of  the  annulus,  and  the  initial  radius  of  the  neon 
plasma  were  investigated. 

The  current  driving  the  implosion  was  varied  indirectly  by 
changing  the  charging  voltage  of  the  capacitor  bank.  This  approach 
models  the  experimental  conditions  because  the  current  in  the  plasma 
depends  on  the  changing  inductance  and  resistance  of  the  plasma  during 
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the  current  pulse.  The  waveshape  used  is  a  fit  to  the  normal  Gamble 

II  generator  waveshape  which  rises  to  a  peak  in  70  ns.  The  mass  load 

and  charging  voltage  are  input  parameters  to  the  code.  Mass  loads  of 

1  to  14  wg/cm  and  charging  voltages  corresponding  to  peak  currents 

ranging  from  95  to  275  kA  were  used.  The  current  risetime  was  varied 

indirectly  by  changing  the  timescale  of  the  input  voltage  waveshape. 

For  all  of  these  calculations  the  ion  density  and  the  temperature  of 

the  plasma  were  maximum  at  the  time  of  implosion. 

Calculations  were  made  to  establish  limits  on  the  mass  load  and 

peak  driving  currents  to  achieve  the  desired  plasma  conditions. 

Results  for  an  initial  radius  of  6  mm  are  presented  in  Figs.  B.6  to 

B.8.  The  peak  temperature  versus  the  mass  load  is  given  in  Fig. 

B.6(a)  for  seven  different  driving  currents.  For  each  driving  current 

there  is  a  range  of  mass  loads  which  correspond  to  peak  temperatures 

of  50  to  100  eV.  This  relationship  between  current  and  mass  loading 

for  a  75  ±  25-eV  neon  plasma  is  presented  in  Fig.  B.6(b).  To  maintain 

this  temperature,  the  mass  load  increases  with  the  driving  current. 

In  Fig.  B.7(a),  the  ion  density  at  implosion  versus  the  mass  load  is 

shown.  For  larger  currents,  larger  ion  densities  were  produced  at 

implosion.  For  each  current,  there  is  a  mass  load  required  to  produce 

a  50  to  100  eV  plasma.  This  mass  load  produces  the  peak  ion  densities 

given  in  Fig.  B.7(b).  This  relationship  between  the  driving  current 

and  peak  density  indicates  that  currents  of  120  to  240  kA  are  required 

18  19  -3 

to  produce  ion  densities  at  implosion  of  10  to  10  cm  .  This 
range  of  currents  restricts  the  mass  load  to  3  to  9  yg/cm  (see  Fig. 
B.6(b)). 

The  voltage  waveshape  was  varied  to  determine  the  effect  of  the 
current  risetime  on  the  relation  between  the  current  and  mass  load  at 
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FIG.  B.6.  (a)  Peak  temperature  versus  mass  load  for  various  currents 
and  (b)  mass  load  versus  current  for  50  to  100  eV  neon  plasma.  (A«0.6, 
W-0.5,  R»0.07) 
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FIG.  B.7.  (a)  Ion  density  at  implosion  versus  mass  load  for  various 
currents  and  (b)  peak  ion  density  (for  50  to  100  eV  neon  plasma)  for 
various  currents.  (A*0.6  cm,  W*0.5  cm,  R»0.07  cm) 
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75-eV  temperature.  Figure  B.8(a)  gives  this  result  for  the  normal 

Gamble  II  waveshape  (T),  for  the  Gamble  II  waveshape  compressed  in 

time  by  a  factor  of  two  (T/2),  and  for  the  normal  Gamble  II  waveshape 

expanded  in  time  by  a  factor  of  two  (2T).  For  a  given  mass  load,  the 

shorter  duration  waveshape  required  a  larger  magnitude  current  to 

achieve  a  75-eV  temperature.  The  scaling  of  peak  ion  density  with 

driving  current  for  these  different  waveshapes  is  presented  in  Fig. 

18  19  -1 

B.8(b).  Ion  densities  of  10  to  10  cm  were  produced  with  all 
three  waveshapes,  but  larger  magnitude  currents  were  required  for 
shorter  duration  waveshapes. 

This  same  analysis  was  carried  out  for  plasmas  with  initial  radii 

of  3  and  9  mm.  The  relationship  between  current  and  mass  load  for  a 

75-eV  temperature  is  given  in  Fig.  B.9(a)  for  initial  radii  of  3,  6, 

and  9  mm.  These  results  show  the  relationship  between  the  current  and 

the  mass  load  as  the  Initial  radius  is  changed.  The  relationship 

between  current  and  peak  ion  density  for  a  75-eV  plasma  is  given  in 

18 

Fig.  B.9(b)  for  the  different  initial  radii.  Ion  densities  of  10  to 
19  -3 

10  cm  were  achieved  with  all  three  initial  radii  for  driving 
currents  of  120  to  170  kA. 

The  results  in  Section  B.l  for  a  0.75-HA  driving  current 
indicated  that  lover  peak  temperatures  and  ion  densities  were  produced 
when  the  width  of  the  annulus  was  decreased.  This  effect  also  occurs 
for  smaller  driving  currents  as  shown  in  Fig.  B. 10(a)  where  the 
relationship  between  the  current  and  the  mass  load  with  0.2-cm  and 
0.5-cm  annular  widths  to  produce  a  75-eV  plasma  are  compared.  The 
relation  between  the  current  and  peak  ion  density  for  these  two  widths 
is  given  in  Fig.  B. 10(b).  To  achieve  this  temperature  with  a  fixed 
driving  current,  the  smaller  width  required  a  smaller  mass  load  and 
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FIG.  B.9  (a)  Current  versus  mass  load  for  50  to  100  eV  plasma  and  (b) 
peak  ion  density  (for  50  to  100  eV  plasma)  versus  current  for  various 
initial  radii.  (A«0.6  cm:solid,  A-0.3  cmtdash,  A>0.9  cm:dot-dash) 
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FIG.  B.IO.  (a)  Current  versus  mass  load  for  50  to  100  eV  plasma  and 
(b)  peak  ion  density  (for  50  to  100  eV  plasma)  versus  current  for 
various  widths.  (V-0.5  cm:solid,  V=0.2  cm:dash) 
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produced  a  smaller  ion  density  at  implosion. 


B.4  Conclusions 

Resistive  effects  were  added  to  a  0-D  implosion  code  which  had 
been  used  to  predict  radiation  outputs  from  neon  implosions  on  Gamble 
II.  This  modification  reduced  the  peak  ion  density  and  the  K-shell  X- 
ray  output  power  by  a  factor  of  5,  while  maintaining  similar 
temperatures  and  total  K-shell  radiated  energies. 

The  code  w  s  used  to  study  the  relation  between  the  mass  load  and 
driving  current  required  to  produce  a  50  to  100  eV,  10^®  to  10^^  cm”^ 
neon  plasma.  Peak  driving  currents  of  120  to  240  kA  and  mass  loads  of 
3  to  9  ug/cm  were  required  to  produce  these  plasma  conditions  using 
the  Gamble  II  waveshape  and  a  uniform  cylindrical  6-mm  radius  plasma. 

For  calculations  where  the  duration  of  the  voltage  pulse  was 
increased  or  decreased  by  a  factor  of  two»  but  the  peak  voltage  was 
unchanged,  the  driving  current  and  mass  load  scaled  as  expected.  The 
energy  coupled  to  the  imploding  neon  plasma  was  proportional  to  the 
duration  of  the  voltage  pulse;  consequently,  a  longer  voltage  pulse 
required  more  mass  or  less  current  to  achieve  the  lasing  conditions. 
Driving  currents  of  100  to  160  kA  were  sufficient  to  achieve  imploded 
ion  densities  of  at  least  10  cm~  at  temperatures  of  50  to  100  eV. 

Variation  of  the  ion  density  with  the  driving  current  for  the  two 
different  annular  widths  can  be  understood  in  terms  of  how  the  kinetic 
and  internal  energy  are  coupled  to  the  implosion  in  the  calculations. 
As  the  implosion  progresses,  the  velocity  of  the  outer  radius 
increases  until  the  internal  pressure  balances  the  magnetic  pressure. 
The  magnetic  pressure  is  determined  by  the  current,  and  the  internal 
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pressure  is  determined  by  the  temperature  of  the  plasma  and  the 
average  ionization  state.  At  thermalization  (i.e.,  vhen  the  inner 
radius  of  the  annulus  equals  the  radius  of  thermalization),  less 
energy  is  coupled  to  the  larger  annulus  because  it  is  thermalized 
earlier  in  time  vhen  the  velocity  is  smaller.  After  thermalization, 
both  calculations  proceed  by  compressing  the  existing  plasma  in  a 
cylindrical  geometry.  The  implosion  continues  until  the  internal 
pressure  exceeds  the  magnetic  pressure  by  an  amount  sufficient  to  halt 
the  implosion.  The  maximum  ion  density  occurs  when  the  outer  radius 
is  a  minimum;  this  condition  exists  vhen  the  velocity  of  the  outer 
radius  goes  to  zero.  For  the  larger  annulus,  the  implosion  continues 
to  a  smaller  final  radius  because  the  lover  temperature  produces  a 
smaller  internal  pressure.  Therefore  the  larger  annulus  leads  to 
larger  ion  densities  as  shown  in  Fig.  B. 10(b). 

The  dynamics  of  the  implosion  process  can  be  understood  in  terms 
of  the  radial  velocity  equation  (Eq.  17  in  Ref.  80)  used  in  the 
calculation.  For  the  following  discussion,  the  magnitude  of  the 
radially-invard  implosion  velocity  is  positive.  Setting  the 
derivative  of  the  velocity  equation  to  zero  (dv/dt=0),  which 
corresponds  to  no  acceleration  of  the  outer  radius,  results  in  the 
"Bennett  Pinch"  relation  for  a  Z-pinch.  This  relation  corresponds  to 
balancing  the  magnetic  pressure  and  the  internal  pressure.  At  the 
time  of  this  condition,  the  implosion  speed  has  reached  its  maximum 
and  thereafter  begins  to  decrease.  The  temperature  continues  to 
increase  as  the  plasma  is  compressed  until  the  velocity  reaches  zero. 
At  this  time,  the  outer  radius  is  a  minimum,  and  the  temperature  and 
ion  density  are  maxima.  Since  resistive  heating  depends  on  the  area, 
a  larger  annulus  is  heated  less,  which  results  in  a  larger  velocity 


223 


because  there  is  less  internal  pressure  acting  against  the  magnetic 
pressure.  The  larger  implosion  velocity  leads  to  a  smaller  final 
radius  for  two  reasons:  (1)  because  the  implosion  occurs  earlier  in 
time  when  the  current  is  larger,  and  (2)  because  a  larger  internal 
pressure  is  needed  to  stop  the  implosion. 

In  general,  an  implosion  vlth  a  smaller  initial  radius  resulted 
in  a  larger  final  temperature  auid  ion  density  vhich  caused  it  to 
require  less  mass  for  a  fixed  driving  current  in  order  to  achieve 
temperatures  of  50  to  100  eV.  Since  implosions  with  a  larger  initial 
radius  took  longer,  the  temperature  prior  to  implosion  vas  larger  due 
to  the  resistive  heating  over  a  longer  time  interval.  This  caused  the 
implosions  to  be  softer,  and  therefore  less  mass  vas  needed  to  reach 
temperatures  of  50  to  100  eV. 
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Appendix  C 


PLASMA  MODELING 


Three  atomic-physics  codes  were  used  to  interpret  spectral 
measurements  of  the  neon  implosions.  Temperature  dependences  of 
selected  transitions  of  Ne  VII,  Ne  VIII,  and  Ne  IX  were  calculated 
with  these  codes  in  order  to  determine  electron  temperatures.  The 
transitions  selected  for  the  calculations  are  based  on  the 
experimental  measurements.  Line  ratios  from  local-thermodynamic- 
equilibrium  (LTE)  and  coronal-equilibrium  calculations  are  presented 
for  comparison  with  time  integrated  spectra.  A  time-dependent  coronal 
model  was  used  to  estimate  temperatures  from  time-resolved  Ne  VII,  Ne 
VIII,  and  Ne  IX  line  emissions.  In  this  appendix,  the  calculations 
with  these  models  are  described  and  the  temperature  dependences  of  the 
line  emissions  are  presented. 

C.l  Line  Ratios  from  LTE  Model 

Line-intensity  ratios  for  Ne  VII,  Ne  VIII,  and  Ne  IX  transitions 
were  calculated  assuming  local  thermodynamic  equilibrium  (LTE).  The 
ionization-state  fractions  were  determined  by  the  Saha  relation  and 
the  excited-state  populations  were  determined  by  their  Boltzmann 
factors  as  discussed  in  Sec.  A.l.  Oscillator  strengths 
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transition  energies  and  statistical  weights  (gjj>g|||)  are  given 

in  Table  C-1  for  the  transitions  selected  for  these  calculations.  The 
temperature  dependence  of  the  ratio  of  the  Ne  IX  Is21-ls31'  (lss,p  and 
l'«p,d)  transitions  at  78.26  and  78.3  A  to  the  Ne  VIII  ls^2s-ls^3p 

transition  at  88  A  is  given  in  Fig.  C.l  for  an  electron  density  of 

21  -3  21  -3 

10  cm  .  The  electron  density  of  10  cm  was  chosen  because  the 

upper  levels  of  the  transitions  are  expected  to  be  in  LTE  at  this 

electron  density.  The  temperature  dependences  of  the  ratios  of  the  Ne 
2  2 

VIII  Is  2s'ls  3p  transitions  at  88  A  to  two  different  Ne  VII 

21 

transitions  are  given  in  Fig.  C.2  for  an  electron  density  of  10 

_3 

cm  .  The  Ne  VII  lines  selected  for  these  calculations  are  the 

2  2  2  2  2 
Is  2s2p-ls  2s3d  transitions  at  106  A  and  the  Is  2s  -Is  2s3p  transition 

at  97.5  A. 

C.2  Line  Ratios  from  Coronal  Model 

Line-intensity  ratios  for  Ne  VII,  Ne  VIII,  and  Ne  IX  transitions 
were  calculated  assuming  coronal  equilibrium.  The  temperature 
dependence  of  the  relative  populations  of  the  ionization  states  was 
determined  from  the  results  presented  in  Fig.  2.2.  Excited-state 
populations  were  determined  by  balancing  the  collisional-excitation 
rate  with  the  radiative-decay  rate  (see  Eqs.  A. 15  and  A. 16). 

Transition  probabilities  upper-level  excitation  energies 

and  ground-state  to  upper-level  absorption  oscillator  strengths  (^g„) 
are  given  in  Table  C.2  for  the  transitions  selected  for  these 
calculations.  For  transitions  with  no  allowed  ground-state  to  upper- 
level  transition,  oscillator  strengths  of  allowed  transitions  from  the 
ground-state  to  an  upper-level  with  the  same  principal  quantum  number 
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TabI*  C.1 


Transition 

Ne  VII 

# 

■■ 

fl. 

E 

■■ 

(eV) 

Ref 

Is*  2s*  -  Is*  2s3p 

0.48 

1 

3 

127.1 

156.157 

Is*  2s2p-1s*  2s3d 

0.68 

9 

15 

116.8 

156,157 

Ne  VIII 

Is*  2s- Is*  3p 

0.298 

2 

6 

140.7 

157 

Is*  3s- Is*  3p 

0.256 

2 

6 

4.33 

157 

Ne  IX 

1s2s-1s3p 

0.386 

1 

3 

158.2 

157 

1s2p-1s3d 

0.627 

9 

15 

158.2 

157 

Table  C.l  Oscillator  strengths  transition  energies  and 

statistical  weights  (gj^jg^j^)  for  selected  transitions  of  Ne  VII,  Ne 
VIII,  and  Ne  IX. 
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FIG.  C.2.  Temperature  dependence  of  the  ratio  of  Ne  VIII  and  Ne  VII 
transitions  for  LTE  (solid)  and  Coronal  (dashed)  calculations. 
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Tabl«  C.2 


Transition 

(10  1/s) 

<  m 

^gm 

Ref 

Ne  VII 

Is*  2s*  -Is*  2s3p 

1100 

127.2 

0.48 

115,156 

Is*  2s2p-1s*  2s3d 

2400 

130.7 

0.68 

115,157 

Ne  VIII 

Is*  2s- Is*  3p 

853 

140.6 

0.30 

157 

Is*  3s- Is*  3p 

0.69 

140.6 

0.30 

157 

Ne  IX 

1s2s-1s3p 

26200 

1072 

0.15 

157 

1s2p-1s3d 

26200 

1072 

0.15 

157 

Table  C.2  Transition  probabilities  (A),  upper-level  excitation 
energies  (E),  and  ground-state  to  upper-level  absorption  oscillator 
strengths  (£)  for  selected  transitions  of  Ne  VII,  Ne  VIII,  and  Ne  IX. 
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were  used.  The  temperature  dependence  o£  the  ratio  of  the  Ne  IX  ls2i- 
ls31'  (lss,p  and  l'sp,d)  transitions  at  78.26  and  78.3  A  to  the  Ne 
VIII  ls^2s-ls^3p  transition  at  88  A  is  given  in  Fig.  C.l.  The 

9  9 

temperature  dependence  of  the  ratios  of  the  Ne  VIII  Is  2s-ls  3p 
transition  at  88  A  to  the  Ne  VII  Is^2s2p-ls^2s3d  transition  at  106  A 
and  to  the  Ne  VII  Is  2s  -Is  2s3p  transition  at  97.5  A  are  given  in 
Fig.  C.2.  These  ratios  are  independent  of  electron  density  because 
both  upper  levels  have  the  same  electron-density  dependence.  For  a 
given  temperature,  these  ratios  are  smaller  than  the  corresponding  LTE 
ratios. 

C.3  Rate-Dependent  Model 

A  time-dependent  atomic-physics  code,  developed  at  the  University 

of  Maryland,  was  used  to  calculate  the  time  histories  of  ionization 
159 

balance.  The  code  uses  a  semiempirical  formula  of  Kunze  et  al.  to 
determine  ionization  rates. Time  histories  of  electron  temperature 
and  density  are  entered  into  the  code,  and  relative  populations  of 
ionization  states  are  calculated  as  a  function  of  time.  The  timestep 
is  variable  and  depends  on  the  ionization  rates.  An  example  of  the 
electron  temperature  time  history  is  given  in  Fig.  C.3.  The  same 
profile  was  used  for  electron  density.  This  profile  has  a  full-width 
at  half-intensity  of  85  ns.  This  width  could  be  adjusted  to  fit 
experimental  results.  The  initial  and  peak  temperatures  and  densities 
could  be  varied  while  maintaining  the  same  time  profile.  To  analyze 
the  measurements  in  this  experiment  the  peak  electron  temperature  was 
varied  and  the  calculated  time  dependence  of  the  fractional  abundances 
of  the  ionization  states  was  compared  with  the  experimental  results. 
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FIG.  C.3.  Example  of  the  time  history  of  electron  temperature  and 
electron  density  for  the  rate-dependent  model. 
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Time  histories  o£  Ne  VII,  Ne  VIII,  and  Ne  IX  populations  are  given  in 

Fig.  C.4  for  a  peak  electron  temperature  of  60  eV.  For  this 

temperature,  the  population  is  primarily  Ne  VII.  Similar  results  are 

presented  in  Figs  C.5  and  C.6  for  peak  temperatures  of  100  and  200  eV, 

respectively.  The  predominant  ionization  state  is  Ne  VIII  at  100  eV 

and  Ne  IX  at  200  eV.  Time  histories  of  line  radiation  from  excited 

levels  of  these  ionization  states  were  also  calculated.  Comparisons 

of  pulse  durations  and  relative  times  of  emission  with  experimental 

results  were  used  to  determine  electron  temperatures.  Examples  of 

time  histories  of  emission  from  ns3  levels  of  Ne  VII,  Ne  VIII,  and  Ne 

IX  are  given  in  Figs.  C.7,  C.8  and  C.9  for  peak  temperatures  of  60, 

18  -3 

100,  and  200  eV,  respectively.  An  electron  density  of  5  x  10  cm 
was  used  for  these  calculations.  The  peak  intensities  are  normalized 
to  unity  for  all  of  the  transitions. 
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FIG.  C.A.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  ionization 
states  for  a  peak  electron  temperature  of  60  eV. 
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FIG.  C.5.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  ionization 
states  for  a  peak  electron  temperature  of  100  eV. 
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FIG.  C.6.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  ionization 
states  for  a  peak  electron  temperature  of  200  eV. 
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FIG.  C.7.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  line  emissions 
for  a  peak  electron  temperature  of  60  eV. 
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FIG.  C.8.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  line  emissions 
for  a  peak  electron  temperature  of  100  eV. 
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FIG.  C.9.  Time  histories  of  Ne  VII,  Ne  VIII,  and  Ne  IX  line  emissions 
for  a  peak  electron  temperature  of  200  eV. 
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Appendix  D 


RADIATION  DETECTORS 


D.l  Detectors  for  Soft  Z-ray  and  ZUV  Emissions 

Pinhole  cameras  and  vacuum  diodes  were  used  to  record  soft  X-ray 
and  extreme  ultraviolet  (XUV)  emissions  from  the  neon  implosions.  The 
pinhole  camera  provided  special  resolution,  and  the  vacuum  diode 
provided  a  time  history  of  the  radiated  power.  Different  filter 
materials,  films,  and  cathode  materials  were  used  to  tailor  the 
detector  responses  to  either  soft  X-ray  or  XUV  emissions.  These 
detectors  are  described  in  detail  in  this  Appendix. 

D.1.1  Pinhole  Camera 

Two  different  pinhole  cameras  were  used  to  record  the  special 
distribution  of  the  emissions  from  the  neon  implosions.  For  soft  X- 
rays  in  the  0.5-  to  6-lteV  region,  a  6-um  thick,  aluminum  filter  and 
Kodak  2492  film  were  used.  The  high-energy  cutoff  is  determined  by 
the  absorption  edge  of  aluminum  (1.6  keV)  and  the  lov-energy  cutoff  is 
determined  by  absorption  in  the  emulsion  of  the  2492  film.  For  XUV 
emission  in  the  100-  to  280-eV  region,  a  2-ym  thick  polycarbonate 
filter  (Kimfol)  coated  with  a  0.1-um  layer  of  aluminum  and  Kodak 
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101-07  film  were  used.  Here,  the  high-energy  cutoff  is  determined  by 
the  absorption  edge  of  carbon  (280  eV)  in  the  Kimfol.  The  thin 
aluminum  layer  eliminates  visible  and  ultraviolet  radiation  vhich 
otherwise  would  be  transmitted  by  the  Kimfol.  Due  to  the  thickness  of 
this  aluminum  layer,  radiation  above  the  aluminum  K-edge  is  attenuated 
very  little  so  that  this  radiation  is  also  recorded  by  the  XUV  pinhole 
camera. 

The  magnification  of  the  pinhole  camera  image  was  determined  by 
the  location  of  the  pinhole  relative  to  the  film.  For  soft  X-rays, 
the  pinhole  was  located  18  cm  from  the  axis  of  the  pinch  and  the  film 
was  located  13  cm  from  the  pinhole  giving  a  magnification  of  0.72. 

For  XUV  emission,  the  pinhole  was  located  27  cm  from  the  pinch  axis, 
and  the  film  was  located  20  cm  from  the  pinhole,  giving  a 
magnification  of  0.74.  A  0.2-mm  diameter  pinhole  was  used  for  both 
cameras.  Emission  from  a  point  source  would  project  this  diameter  to 
a  size  of  0.34  mm  at  the  film  location  for  both  cameras.  For  an 
extended  source,  0.34  mm  would  represent  the  resolution  of  the  camera. 
For  a  source  smaller  than  0.34  mm,  the  size  of  the  image  would  be 
limited  to  0.34  nun  (i.e.,  pinhole  limited). 

Densitometer  scans  of  the  images  for  various  pinhole  pictures 
were  taken  to  determine  the  size  of  the  emitting  region.  Examples  are 
given  in  Figs.  D.l(a)  and  (b)  for  the  soft  X-ray  images  of  Figs. 

5.7(a)  and  (b).  The  full-width  at  half-maximum  of  the  scan  in  Fig. 
D.l(a)  is  0.47  mm.  The  scan  in  Fig.  D.l(b)  has  a  similar  size,  but  is 
considerably  reduced  in  intensity.  The  photograph  in  Fig.  5.7(a) 
includes  four  small  regions  with  intensities  similar  to  those  of  Fig. 
D.l(a)  and  two  regions  with  intensities  similar  to  those  of  Fig. 

D.l(b).  The  photograph  in  Fig.  5.7(b)  includes  one  region  with  an 
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(bottom). 
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intensity  similar  to  Fig.  D.l(a)  and  one  region  with  intensities 
similar  to  Fig.  D.l(b). 

Radial  scans  of  the  XUV  image  in  Fig.  6-7(a)  produced  with  50-psi 
pressure  are  presented  in  Fig.  D.2.  The  dashed  curve  in  Fig.  D.2(a) 
is  a  scan  at  the  exit  of  the  nozzle.  There  is  one  on-axis  peak  with  a 
full-width  at  half-intensity  of  0.32  mm.  The  solid  curve  in  Fig. 
D.2(a)  is  a  scan  in  the  center  of  the  nozzle-cathode  gap.  This  scan 
has  less  Intensity,  and  there  are  two  peaks  located  symmetrically 
0.3-mm  off  axis.  The  scans  in  Fig.  D.2(b)  were  taken  in  the  center  of 
the  nozzle-cathode  gap,  similar  to  the  solid  curve  in  Fig.  D.2(a),  but 
they  are  plotted  on  a  different  intensity  scale.  These  scans  also 
show  symmetrical  off-axis  peaks. 

D.1.2  Vacuum  Diodes 

Vacuum  diodes  were  used  to  record  time  histories  of  X-ray  power 
emitted  from  the  neon  implosion.  For  soft  X-rays  in  the  0.8-  to 
1.6-keV  region,  a  0.5-um  aluminum  and  an  aluminum-coated  2-um 
polycarbonate  (Kimfol)  filter  were  used  with  a  nickel  cathode.  For 
XUV  emission  in  the  100-to  280-eV  region,  a  2-\m  aluminum-coated 
Kimfol  filter  was  used  with  an  aluminum  cathode.  Absolute  responses 
of  the  vacuum  diodes  were  determined  by  combining  the  filter 

87 

attenuation  with  the  photoionization  efficiency  of  the  cathode. 

Soft  X-ray  and  XUV  responses  as  a  function  of  the  photon  energy  are 
given  in  Figs.  D.3  and  D.4,  respectively.  The  responses  are  in  units 
of  MV  of  X-ray  power  incident  on  the  cathode  per  Ampere  of  output 
current.  The  2.5-cm  diameter  cathode  was  located  34  cm  or  46  cm 
from  the  Z-pinch  for  the  soft  X-ray  and  XUV  diodes,  respectively. 
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PIG.  D.2.  Radial  densitometer  scans  of  the  ICUV  image  in  Fig.  6.7(a) 

(a)  (top)  near  the  nozzle  (dashed)  and  the  center  of  the  image  (solid) 
and  (b)  (bottom)  near  the  center  of  the  image  (solid  and  dashed). 
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Response  (A/MW) 


FIG.  D.3.  Response  of  the  vacuum  diode  filtered  for  soft  X-rays. 
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FIG.  D.4.  Response  of  the  vacuum  diode  filtered  for  XUV  radiation. 
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-4  -4 

This  gives  solid  angle  fractions  (AQ/4n)  of  3.4  x  10  or  1.8  x  10  . 

D.2  Grazing  Incidence  Spectroneter 

A  1-meter  grazing-incidence  spectrometer  was  used  to  record  XUV 
radiation  from  the  neon  Z-pinch.  The  angle  of  incidence  of  the 
spectrograph  was  87”  and  a  1200-line/mm  grating  was  used.  The  blaze 
angle  of  the  grating  was  1”  which  produced  a  peak  response  at  290  A 
for  normal  incidence  or  a  peak  response  at  20  A  for  grazing 
incidence. Photographic  film  (Kodak  101-07)  sensitive  to  XUV 
radiation  was  mounted  along  the  Rowland  circle  to  record  time- 
integrated  spectra.  Alternatively,  a  scintillator-photomultiplier 
mounted  behind  an  exit  slit  on  the  Rowland  circle  was  used  to  record 
time-resolved  measurements  of  specific  spectral  regions. 

D.2.1  Time-Integrated  Spectra 

The  lO-pm  entrance  slit  of  the  spectrograph  was  oriented 
perpendicular  to  the  axis  of  the  Z-pinch  at  a  distance  of  50  cm.  A 
400-um  slit  was  placed  3.5  cm  behind  this  entrance  slit  to  restrict 
the  area  of  the  grating  that  was  illuminated.  This  second  slit  also 
limited  the  axial  extent  of  the  Z-pinch  viewed  by  the  spectrograph  to 
6  mm.  The  entire  diameter  of  the  Z-pinch  could  be  viewed  through  the 
1-cm  long  entrance  slit  and  the  2-cm  long  fast-closing-valve  aperture 
located  20  cm  from  the  plasma.  For  this  1-meter  IZOO-line/mm 
instrument,  a  linear  dispersion  along  the  Rowland  circle  of  1.3  A/mm 
is  produced  at  100  A.  The  width  of  the  entrance  slit  is  magnified 
by  the  spectrograph  depending  on  the  distance  from  the  grating  to  the 
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Rowland  circle.  The  slit  width  is  magnified  by  a  factor  of  three  at  a 
wavelength  of  100  A.  This  magnification  and  linear  dispersion  produce 
an  instrumental  width  of  0.25  A  when  projected  onto  the  Rowland  circle 
at  the  100-A  location. 

D.2.2  Time-Resolving  Monochromator 

The  grazing-incidence  spectrometer  was  configured  as  a 
monochromator  for  time-resolved  measurements.  An  exit  slit  was 
mounted  on  the  Rowland  circle  in  place  of  the  film  holder  and  a  35-um 
exit  slit  was  used  to  provide  optimum  throughput  of  both  components  of 
the  Ne  VIII  ls^2s-ls^3p  3/2^  transition  (40-mA 

separation).  This  slit  produced  an  instrument  function  of  300  mA 
width.  A  thin  layer  of  p-terphenyl  deposited  on  the  vacuum  side  of  a 
glass  vacuum  window  converted  the  XUV  radiation  to  visible  radiation 
that  was  detected  outside  the  vacuum  system  with  a  photomultiplier 
tube.  The  response  time  of  the  p-terphenyl  is  2  ns,  which  is  the 
resolution  of  the  oscilloscope  used  to  record  the  photomultiplier 
signal.  A  photomultiplier  time-delay  of  40  ns  was  measured  by 
comparison  with  a  photodiode  using  a  nitrogen-laser  source.  Measured 
photomultiplier  signals  were  corrected  accordingly  for  comparison  with 
X-ray  diode  signals  and  current  traces. 

The  neon  Z-pinch  plasma  is  an  intense  source  of  visible  light 
which  could  be  scattered  through  the  monochromator  and  contribute  to 
the  photomultiplier  signal.  To  attenuate  this  light,  a  0.33  pm  thick 
boron  foil  was  mounted  behind  the  exit  slit.  This  boron  filter 
attenuated  the  XUV  radiation  less  than  the  visible  light  and  therefore 
improved  the  signal- to-noise  ratio.  The  XUV  monochromator  was  scanned 
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over  the  wavelength  region  of  the  Ne  VIII  2s-3p  transition  (88  A)  to 
locate  this  transition.  The  continuum  intensity  in  this  spectral 
region  was  found  to  be  a  factor  of  five  smaller  than  the  Ne  VIII  2s-3p 
emission  at  the  time  of  the  first  signal,  and  no  continuum  was 
observed  at  the  time  of  the  second  signal.  Similar  continuum 
intensities  were  found  in  the  spectral  region  near  106  A. 

D.3  Near  Ultraviolet  Spectrometers 

Two  different  near  ultraviolet  (NUV)  spectrometers  were  used  in 
three  different  arrangements  to  record  NUV  emission  from  the  neon 
plasma.  In  the  first  arrangement  the  two  instruments  were  used  as 
monochromators  with  photomultiplier-tube  detectors  for  time 
resolution.  In  the  second  arrangement,  the  photomultiplier  on  one 
instrument  was  replaced  with  an  optical  multichannel  analyzer  (OMA). 
For  both  arrangements,  the  relative  response  of  the  two  instruments 
was  determined.  In  the  third  arrangement,  comparison  with  a  source  of 
known  intensity  provided  a  measure  of  the  absolute  sensitivity  of  the 
instruments.  These  three  arrangements  are  discussed  below. 

D.3.1  Monochromators 

The  two  instruments  were  used  as  monochromators  to  record 
simultaneously  selected  NUV  time  histories  from  a  neon  implosion.  The 
arrangement  of  the  monochromators  is  shown  in  Fig.  D.5.  Comparison  of 
the  photomultiplier  signals  when  the  two  monochromators  were  set  on 
the  same  spectral  region  provided  a  measure  of  their  relative 
sensitivity.  Comparison  of  signals  when  the  monochromators  were  set 
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FIG.  D.5.  Arrangement  of  the  NUV  monochromators,  the  XUV  monochromator 
and  the  associated  optics.  S2,  S3,  and  S4  are  spectrometer  entrance 
slits.  FI,  F2,  and  F3  are  lenses.  BS  is  a  beam  splitter. 
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on  different  spectral  regions  provided  a  measure  of  the  difference  in 
the  emission  between  the  two  spectral  regions.  This  technique  was 
used  to  separate  the  time  history  of  line  radiation  from  continuum 
radiation  in  a  nearby  but  broader  spectral  region. 

The  two  NUV  instruments  were  used  in  conjunction  with  the  XUV 
monochromator  (see  Fig.  D.5)  to  provide  a  measure  of  the  relative 
sensitivity  of  the  NUV  and  XUV  monochromators  by  the  branching-ratio 
technique.  The  Ne  VIII  3s-3p  signal  in  the  NUV  monochromator  was 
measured  simultaneously  with  the  Ne  VIII  2s-3p  transition  in  the  XUV 
monochromator.  Vhen  the  NUV  and  XUV  spectrometers  were  set  up  to  view 
the  same  region  of  the  Imploding  plasma,  good  correlations  between  the 
time  histories  were  recorded  by  the  three  instruments,  as  expected  in 
this  setup. 

With  the  monochromator  arrangement  in  Fig.  D.5,  time  histories  of 
Ne  VII,  Ne  VIII,  and  continuum  emission  were  measured.  One 
spectrometer,  S3  in  Fig.  D.S,  (Bausch  and  Lomb,  0.5  meter)  was  mounted 
with  an  exit  slit  and  photomultiplier  to  monitor  continuum  emission  at 
2810  A.  The  photomultiplier  was  operated  at  current  levels  that  were 
determined  to  be  linear.  Two  lenses,  fl  and  f2,  with  focal  lengths  of 
100  mm  and  125  mm  imaged  the  entrance  slit  of  XUV  monochromator  S2  at 
the  entrance  slit  of  NUV  monochromator  S3.  A  6-mm  diameter  aperture 
on  lens  fl  restricted  the  area  and  solid  angle  of  the  plasma  viewed  by 
the  NUV  monochromators  to  that  viewed  by  the  XUV  monochromator  (see 
Sec.  D.2).  The  other  NUV  spectrometer,  S4  in  Fig.  D.S,  (Spex,  0.5 
meter)  was  also  mounted  with  an  exit  slit  and  photomultiplier.  A  beam 
splitter  BS  was  used  to  direct  light  from  the  plasma  to  NUV 
monochromators  S3  and  S4.  Lens  f3  with  a  125-mm  focal  length  was  used 
to  image  the  entrance  slit  of  the  XUV  monochromator  S2  at  the  entrance 
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slit  of  NUV  monochromator  S4.  Lens  £3  and  monochromator  S4  were 
adjusted  to  view  the  same  region  of  plasma  as  NUV  monochromator  S3. 

Time  histories  of  NUV  emission  from  a  neon  implosion  measured 
with  the  two  NUV  monochromators  are  given  in  Fig.  D.6  along  vith  a 
time  history  of  the  XUV  monochromator.  Similar  time  histories  of 
continuum  emission  are  observed  for  the  two  NUV  monochromators.  The 
good  agreement  between  the  two  NUV  instruments  is  a  measure  of  the 
precision  of  their  relative  sensitivity.  All  three  instruments  record 
peak  emissions  at  a  single  implosion,  however  the  XUV  emission  has  a 
different  time  history  because  this  instrument  is  recording  the  Ne 
VIII  2s-3p  line  emission.  The  NUV  monochromators  were  also  used  to 
record  emissions  in  two  different  spectral  regions  simultaneously. 

One  monochromator  positioned  at  2820.7  A  recorded  the  Ne  VIII  3s-3p 
emission  as  well  as  the  continuum,  whereas  the  other  monochromator 
positioned  at  2810  A  recorded  only  the  continuum  (for  Ne  VIII  3s-3p 
line-widths  less  than  20  A).  The  difference  in  these  two  signals 
provided  a  measure  of  the  time  history  of  the  Ne  VIII  3s-3p  emission. 
This  time  history  is  compared  with  the  Ne  VIII  2s-3p  emission, 
recorded  simultaneously  with  the  XUV  monochromator,  to  determine  the 
relative  sensitivity  of  the  XUV  and  NUV  monochromators  by  the 
branching-ratio  technique.  The  time  histories  of  neon  emission  at 
7810  and  2820.7  A  taken  with  the  two  NUV  monochromators  are  given  in 
Fig.  D.7(a).  The  difference  in  these  signals  (Ne  VIII  3s-3p 
transition)  is  given  in  Fig.  D.7(b)  along  vith  the  XUV  signal  at  88  A 
(Ne  VIII  2s-3p  transition).  The  time  histories  in  Fig.  D.7(b)  shov 
good  correlation  particularly  in  the  interval  from  0.8  to  1.2  ys  when 
the  continuum  emission  is  small.  Similar  time  histories  of  2810  and 
2820.7  A  emissions  for  an  implosion  driven  vith  the  plasma  opening 
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FIG.  D.6  Neon  emission  at  2810  A  from  both  NUV  monochromators  (solid 
and  dotted)  and  neon  emission  at  88  A  from  the  XUV  monochromator 
(dashed). 
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switch  are  given  in  Fig.  D.8(a).  The  difference  in  these  signals  is' 
given  in  Fig.  D.8(b)  along  with  the  XUV  signal  at  88  A.  The  time 
histories  in  Fig.  D.8(b)  show  good  correlation  in  the  interval  from 
1.0  to  1.4  ys.  When  the  continuum  emission  is  large,  0.65  ys  in  Fig. 
D.7  and  0.9  ys  in  Fig.  0.8,  the  difference  signals  are  less  reliable, 
and  the  correlations  are  not  as  good.  Also,  the  correlations  may  be 
impaired  by  continuum  emission  at  88  A  or  by  variations  in  the  Ne  VIII 
3s-3p  line  width.  Continuum  emission  at  88  A  could  account  for  up  to 
20X  of  the  XUV  signal  at  the  time  of  the  first  peak,  and  considerably 
less  at  other  times.  The  instrument  function  of  the  monochromator 
used  to  monitor  the  Ne  VIII  3s-3p  transition  was  fixed  by  the 
entrance-  and  exit-slit  widths  and  the  dimensions  of  the  spectrograph 
and  grating.  The  instrumental  width  was  measured  by  scanning  the 
monochromator  in  wavelength  through  the  Hg  I  2753-A  line  from  a 
mercury  lamp.  A  full-width  at  half-intensity  of  1.5  A  was  measured. 
The  Ne  VIII  3s-3p  transition  was  broadened  to  several  Angstroms  by 
plasma  effects  (see  Sec.  7.3.2).  Therefore,  the  NUV  monochromator 
sampled  only  a  portion  of  the  line  profile.  The  slit  widths  of  the 
NUV  monochromator  were  chosen  to  maximize  the  Ne  VIII  3s-3p  signal 
relative  to  the  continuum. 

The  difference  between  the  two  NUV  monochromators  was  also  used 
to  monitor  the  emission  from  Ne  VIII  while  a  simultaneous  measurement 
was  made  of  the  emission  from  Ne  VII  with  the  XUV  monochromator.  The 
difference  between  the  emission  at  2810  A  and  2820.7  A,  as  previously 
discussed,  gave  a  reliable  measure  of  the  time  history  of  emission 
from  the  3p  level  of  Ne  VIII.  The  XUV  monochromator  was  scanned  in 
wavelength  to  locate  the  Ne  VII  2p-3d  transition  at  106  A.  Then,  the 
three  monochromators  provided  simultaneous  measurements  of  time 
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FIG.  D.8.  (a)  Neon  NUV  emissions  at  2810  A  (dashed)  and  2820.7  A 
(solid)  for  an  implosion  with  the  POS.  (b)  Ne  VIII  emissions  at  88  A 
(dotted)  and  at  2820.7  A  (solid)  for  the  same  implosion.  The  solid 
curve  is  the  difference  between  two  NUV  time  histories  in  Fig.  D.8(a). 
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histories  of  Ne  VII  and  Ne  VIII  emissions.  As  an  example,  neon 
emission  at  2810  A  and  2820.7  A,  taken  with  the  two  NUV 
monochromators,  is  given  in  Fig.  D.9(a),  while  the  difference  in  these 
signals  (Ne  VIII  3s-3p  transition)  is  given  in  Fig.  D.9(b)  along  with 
the  XUV  signal  at  106  A  (Ne  VII  2p-3d  transition).  Differences  in  the 
Ne  VII  and  Ne  VIII  time  histories  are  evident  in  Fig.  D.9(b).  The  Ne 
VIII  emission  is  delayed  relative  to  Ne  VII  emission,  particularly  for 
the  second  peak,  and  maximum  Ne  VIII  emission  occurs  after  maximum  Ne 
VII  emission.  Ne  VII  and  Ne  VIII  time  histories  for  an  implosion  with 
the  plasma  opening  switch  are  given  in  Fig.  D.IO.  Emissions  at  2810 
and  2820.7  A  are  given  in  Fig.  D. 10(a)  while  the  difference  in  these 
signals  is  given  in  Fig.  D. 10(b)  along  with  the  XUV  signal  at  106  A. 
The  time  histories  in  Fig.  D. 10(b)  indicate  that  the  Ne  VIII  and  Ne 
VII  emissions  occur  at  similar  times,  and  that  the  duration  of  the  Ne 
VII  emission  is  longer. 

D.3.2  Optical  Multichannel  Analyzer 

A  gated  optical  multichannel  analyzer  (OMA)  was  mounted  to  the 
exit  of  NUV  spectrograph  S4  (see  Fig.  D.5).  Initially  measurements 
were  taken  with  both  NUV  spectrographs  viewing  the  same  region  of 
plasma  to  determine  the  relative  response  of  the  OMA  detector  and  the 
photomultiplier  tube.  The  OMA  was  found  to  be  linear  over  the  range 
of  intensities  encountered  in  these  measurements.  Then  the  optics 
were  changed  to  provide  special  resolution  in  the  direction  transverse 
to  the  Z-pinch  axis  at  the  location  of  the  OMA.  The  OMA  was 
calibrated  by  comparison  with  a  deuterium  lamp  of  known  intensity. 

The  OMA  was  gated  to  provide  a  special  and  spectral  measure  of  the 
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FIG.  D.9.  (a)  Neon  emissions  at  2810  A  (dashed)  and  2820.7  A  (solid) 
for  an  implosion  without  the  POS.  (b)  Ne  VII  emission  at  106  A 
(dotted)  and  Ne  VIII  emission  (solid).  The  solid  curve  is  the 
difference  between  the  two  NUV  time  histories  in  Fig.  D.9(a). 
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FIG.  0.10.  (a)  Neon  emissions  at  2810  A  (dashed)  and  2820.7  A  (solid) 
for  an  implosion  with  the  POS.  (b)  Ne  VII  emission  at  106  A  (dotted) 
and  Ne  VIII  emission  at  2820.7  A  (solid).  The  solid  curve  is  the 
difference  between  the  NUV  time  histories  in  Fig.  D. 10(a). 
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intensity  of  the  radiation  integrated  over  the  100-ns  gate  pulse.  A 
512  by  512  array  of  silicon  detectors  located  in  a  1-inch  by  1-lnch 
area  gave  50-um  special  separation  between  tracks  along  the  entrance 
slit  and  0.4-A  spectral  separation  along  the  dispersion  axis.  The 
signal  was  summed  over  ten  tracks  giving  a  500-ym  special  resolution 
along  the  entrance  slit.  The  spectral  resolution  of  the  OHA  was 
determined  by  measuring  the  Hg  I  2753-A  transition  from  a  mercury 
lamp.  The  width  of  this  line  is  expected  to  be  smaller  than  the 
instrumental  broadening  of  the  spectrometer.  A  full-width  at  half¬ 
intensity  of  1.5  A  was  measured. 

The  initial  arrangement  of  the  spectrometers  was  the  same  as 
shown  in  Fig.  D.5,  with  the  OHA  mounted  on  S4.  This  insured  that  the 
spectrometer  with  the  OHA  was  viewing  the  same  area  of  plasma  as  NUV 
monochromator  S3  and  XUV  monochromator  S2.  The  OHA  and 
photomultiplier  responses  were  used  to  determine  the  relative 
sensitivity  of  these  two  NUV  instruments.  The  OHA  was  gated  with  a 
100-ns  voltage  pulse  adjusted  to  occur  at  various  times  during  the 
discharge  to  provide  a  spectrum  integrated  over  the  duration  of  the 
gate.  The  intensity  of  radiation  at  2810  A  measured  with  the  OHA  was 
summed  over  the  diameter  of  the  plasma  and  compared  with  the  intensity 
of  the  radiation  at  2810  A  measured  with  the  photomultiplier  tube 
after  summing  over  the  time  period  of  the  gate  pulse.  Various 
intensities  were  recorded  depending  on  the  timing  of  the  gate  pulse. 

A  comparison  of  spacially-integrated  OHA  signals  and  time-integrated 
photomultiplier  signals  is  given  in  Fig.  D.ll.  The  deviation  from 
linearity  at  5  mV  is  a  result  of  electrical  noise  present  during  the 
Z-pinch  discharge  contributing  to  the  photomultiplier  signal.  A 
comparison  of  the  response  of  these  detectors  to  a  lower-intensity 
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FIG.  D.ll.  Comparison  of  the  OMA  and  photomultiplier  (PMT)  responses 
at  2810  A.  The  solid  circles  are  for  the  neon  Z-pinch  while  the  open 
circle  is  for  the  deuterium  lamp. 
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source  was  made  with  a  deuterium  lamp.  The  dynamic  range  o£  the  OHA 
detector  was  extended  for  this  measurement  by  increasing  the  time 
period  over  which  the  intensity  was  recorded.  A  time  period  of  92  ms 
was  used.  The  results  in  Fig.  D.ll  demonstrate  a  linear  relationship 
between  the  OMA  and  the  photomultiplier  detectors  over  more  than  seven 
orders  of  magnitude. 

After  the  linear  response  of  the  OHA  was  established,  the  optical 
path  between  the  plasma  and  the  spectrometer  with  the  OMA  was  changed 
to  provide  special  resolution  of  the  plasma  at  the  entrance  slit  of 
the  spectrograph.  This  optical  arrangement  is  shown  in  Fig.  D.12.  A 
lens  with  a  focal  length  of  100  mm  (f4)  was  used  to  image  emission 
from  the  Z-pinch  at  the  entrance  slit  of  the  spectrometer.  The 
appropriate  location  for  this  lens  was  determined  when  the  instruments 
were  initially  aligned  so  that  interference  with  the  alignment  of  the 
other  instruments  was  minimal  with  this  change.  The  spacially 
resolving  property  of  this  optical  arrangement  is  illustrated  by  the 
side  view  in  Fig.  D.13.  The  spacial  resolution  of  the  OMA  was 
determined  by  placing  a  small  Hg  lamp  with  a  3-mm  aperture  at  the 
location  of  the  Z-pinch.  A  spacial  resolution  of  0.5  mm  was 
determined.  This  is  consistent  with  the  OHA  instrument  resolution  and 
the  magnification  of  the  optical  system.  The  response  of  the  OMA  to  a 
deuterium  lamp  of  known  intensity  was  measured  subsequent  to  the 
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experiments  with  the  lamp  placed  at  the  location  of  the  Z-pinch. 

The  OMA  measurement  was  700  counts/channel  in  a  time  of  92  ms.  The 

3  3 

intensity  of  the  deuterium  lamp  was  8.5  x  10  Vatts/cm  sr. 
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PINCH 


AXIS 


FIG.  D.12.  Optical  arrangement  (top  view)  for  specially  resolved 
measurements  with  the  OMA  mounted  on  S4.  The  labels  are  identified  in 
Fig.  D.5. 
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NUV 


S2  PINCH  f4 

f1 


OMA 

TRACKS 


FIG.  D.13.  Optical  arrangement  (side  view)  for  specially  resolved 
measurements  with  the  OMA  mounted  on  S4.  Spectral  tracks  from  the  ONA 
correspond  to  different  special  locations  along  the  diameter  of  the 
pinch. 
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